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”Someone else always has to carry on this story.”
J.R.R Tolkien, The Lord of the Rings.
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Frontispiece: Welcome to the jungle. Determined sandflys at Jaquiery




Emplacement of the Median Batholith along the Gondwana margin has
been argued to have resulted through magmatic and tectonic processes.
Analysis of the Grebe Mylonite Zone (GMZ) an amphibolite facies Early
Cretaceous ductile shear zone, provides new insight into the kinematics,
conditions and processes that played a role in its deformation and ex-
humation. The GMZ forms the boundary between the Outboard Median
Batholith and Eastern Province and the Inboard Median Batholith and
the Western Province in Fiordland, New Zealand. Three units derived
from Darran Suite magmas, (1) meta-diorite, (2) meta-granodiorite and
(3) meta-granite dominate the GMZ and exhibit a north striking steeply
west dipping foliation and moderately south plunging lineation. The grain
boundary migration (GBM) mechanism dominates quartz recrystallisation
and is inferred to represent deformation temperatures of ∼ 600◦C and
stresses of 6-22 MPa derived from paleopiezometry of recrystallised quartz
size.
Crystallographic preferred orientation (CPO) data of quartz, plagioclase
and hornblende were obtained using electron backscatter diffraction (EBSD).
In hornblende [100] a-axes align preferentially perpendicular to foliation
with [001] c-axes aligned parallel to lineation, producing an orthorhombic
symmetry that provides no information on shear sense. Plagioclase fab-
rics are sub-divided into three groups: [a](c), hybrid-A and hybrid-B, from
these fabrics it is interpreted that crystal plastic slip was accommodated
on the (001), (010) and the previously unrecognised (011) planes. Weak-
ening of the plagioclase CPO from east to west is thought to indicate a
shift towards grain boundary sliding (GBS) ± diffusion creep deformation
mechanisms. Quartz CPOs show predominantly Y-maxima fabrics, [0001]
c-axis directions plot within the plane of foliation indicating < a > prism
slip at ∼ 600◦C. Progressive rotation of quartz CPO fabrics towards the
west are thought to represent an increasing temperature/strain rate gra-
dient towards the western contact between the GMZ and the Puteketeke
Pluton. Interpretation of quartz fabrics indicate an overall regional oblique
sinistral west side down sense of motion relative to the Western Province.
However, conflicting kinematics are observed between the units of the GMZ,
vii
strain partitioning in a dominantly coaxial strain geometry is proposed as
the mechanism for the difference in kinematics.
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The convergent continental Gondwana margin represented in New Zealand (Boger,
2011) is the result of multiple tectonic events during the closure of a Mesozoic back
arc basin above an inferred west dipping subduction zone (Muir et al., 1995; Tulloch
and Kimbrough, 2003; Scott et al., 2009d; Scott et al., 2011)(Figure: 1.1). The result
is a series of fault bounded crustal blocks. These include, from west to east, (Fig-
ure: 1.2) Early Paleozoic continental margin (Western Province), Carboniferous to
Cretaceous magmatic arc (Median Batholith) and a series of Permian-Mesozoic fore-
arc accretionary sediments (Eastern Province) (Landis and Coombs, 1967; Bradshaw,
1993; Kimbrough et al., 1993; Kimbrough et al., 1994; Landis et al., 1999; Mortimer,
2004; Wandres and Bradshaw, 2005; Allibone et al., 2009b; Scott et al., 2009d; Scott
et al., 2011).
The south-west corner of New Zealand (Fiordland and Stewart Island) provides
several examples of Late Cretaceous deformation largely concentrated in shear zones
within a 10-30 kilometer wide belt dominated by Jurassic-Early Cretaceous plutonic
rocks of the Median Batholith (Bradshaw, 1993; Williams and Harper, 1978; Kim-
brough et al., 1993; Muir et al., 1998; Wandres and Bradshaw, 2005; Allibone et al.,
2009b; Scott et al., 2009b; Scott et al., 2011). These include the Indecision Creek Shear
Zone, northern Fiordland (Marcotte et al., 2005), Grebe Mylonite Zone (GMZ), cen-
tral Fiordland (Scott et al., 2011) and the Gutter Shear Zone (Allibone and Tulloch,
2008) on Stewart Island, all of which are thought to define the boundary separating
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Figure 1.1: Reconstruction of the Early Cretaceous paleo-Pacific, Gondwana margin
after Mortimer et al. (2006). Defining the position of North (NI) and South (SI) of
New Zealand.
the Western and Eastern Provinces of New Zealand (Figure: 1.2).
Tulloch and Kimbrough (2003) and Allibone et al. (2009) sub-divided the Median
Batholith into Inboard (IMB) and Outboard (OMB) regions (Figure: 1.2). The IMB
comprises Late Cambrian, Ordovician, Devonian, Carboniferous, Jurassic and Creta-
ceous plutonic and Late Cambrian-Early Ordovician volcanic rocks (Mortimer et al.,
1999; Allibone et al., 2009; Scott et al., 2011)(Figure: 1.2) that have intruded and
erupted into the Late Cambrian-Early Ordovician meta-sedimentary Western Province,
along the Australia-Antarctica Gondwana margin (Cooper, 1989; Ireland, 1992; Gibson
and Ireland, 1996; Ireland and Gibson, 1998; Bradshaw et al., 2009; Scott et al., 2011).
The oldest rocks in the OMB are Early Carboniferous plutons (Kimbrough et al.,
1994; Muir et al., 1998; Scott and Palin, 2008; Tulloch et al., 2009; Scott et al., 2011)
that have been intruded by dominantly dioritic and granodioritic Triassic-Early Cre-
taceous calc-alkaline plutons of the Darran Suite composition (Kimbrough et al., 1993;
Kimbrough et al., 1994; Muir et al., 1998; Wandres et al., 1998; Scott and Palin, 2008;
Allibone et al., 2009b; Scott et al., 2009b; Scott et al., 2011), geochemistry of these
rocks suggests these plutons are derived from hydrous melting of the mantle wedge
above a subduction zone (Scott et al., 2009d; Scott et al., 2011). However, the presence
of A-type granotoids also suggest a contribution from the melting of a Carboniferous
2
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Figure 1.2: Simplified geological map of Fiordland (modified from Turnbull et al., 2010
and Scott et al., 2011). Jaquiery field area indicated by box. Insert: New Zealand
geologic terranes with 480 km of dextral displacement along the Alpine Fault restored.
crustal source (Scott et al., 2010; Scott et al., 2011).
The OMB is inferred to be the crustal root of a volcanic island arc (Scott et al.,
2009d) that was juxtaposed over the Western Province by ∼ 128 Ma (Muir et al.,
1998; Scott et al., 2009d; Scott et al., 2011) resulting in the oblique sinistral near
vertical exhumation of the Indecision Creek Shear Zone (northern Fiordland) (Marcotte
et al., 2005) and the oblique sinistral west side down exhumation of the GMZ (central
Fiordland) along a 60◦ thrust fault (Scott et al., 2011). In contrast to Fiordland the
Gutter Shear Zone on Stewart Island has thrust the southern block (Western Province)
over the northern block (Median Batholith) (Allibone and Tulloch, 2008) during the
closure of a back arc basin (Muir et al., 1995; Muir et al., 1998; Scott et al., 2009d;
Scott et al., 2011.
An alternative model is proposed by Mortimer et al. (1999) suggests that due to a
lack of evidence for the existence of a back arc basin the Median Batholith rocks were
intruded directly along the Western Province margin and the intervening shear zones
having provided little displacement (Allibone and Tulloch, 2008; Scott et al., 2011).
Regardless of which model is used, Darran Suite magmatism had ceased by ∼128
Ma with the emplacement of the Fowler Pluton and Separation Point Suite magmas
were being emplaced by ∼126 Ma (Muir et al., 1998; Tulloch and Kimbrough, 2003;
Scott et al., 2011). The Separation Point Suite magmas intrude into both the Out-
board Median Batholith and the Western Province, while the Darran Suite magmas
are dominantly found within the OMB (Scott et al., 2011). The geochemistry of Sep-
aration Point Suite plutons is interpreted to represent the partial melting of basaltic
crust that is inferred to have formed beneath the Outboard Median Batholith before
being thrust under the Western Province continental margin (Muir et al., 1998; Tulloch
and Kimbrough, 2003; Scott et al., 2009d; Scott et al., 2011).
The final phase of plutonism in Fiordland is marked by the high pressure 9-18 kbar
intrusion of the protolith to the extensive Western Fiordland Orthogniess, which has
attained granulite and eclogite metamorphic assemblages (Bradshaw, 1989; Daczko
et al., 2001a; Daczko et al., 2001b; Clarke et al., 2000; Allibone et al., 2009a; Allibone
et al., 2009b; Clarke et al., 2009; Scott et al., 2011) between 126-113 Ma (Mattinson
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et al., 1986; Gibson et al., 1988; Bradshaw, 1989; Bradshaw, 1991; Gibson and Ire-
land, 1995; Klepeis et al., 2004; Hollis et al., 2004; Klepeis et al., 2007; Allibone et al.,
2009a; Allibone et al., 2009c; Daczko and Halpin, 2009; Scott et al., 2011). These high
pressure assemblages have been interpreted to represent syn-magmatic thickening of
substantial areas of the Western Province and Inboard Median Batholith by ∼ 7-25
km between ∼ 120-116 Ma (Mattinson et al., 1986; Bradshaw, 1989; Hollis et al., 2004;
Allibone et al., 2009a; Allibone et al., 2009c; Scott et al., 2009a; De Paoli et al., 2009;
Scott et al., 2011). This high pressure event was followed by cooling in northern Fiord-
land prior to the beginning of extensional tectonics at ∼111 Ma in central Fiordland
(Gibson et al., 1988; Gibson and Ireland, 1995; Scott and Cooper, 2006; Klepeis et al.,
2007; Scott et al., 2011).
This thesis examines the structure, kinematics and deformation conditions of the
GMZ, central Fiordland. It explores the conditions and probable mechanisms asso-
ciated with the deformation/exhumation of the GMZ through field, petrological and
microstructural observations. Microstructures and CPOs give some insight into the
relative timing of deformation and crystallisation from the magmatic state while also
providing information about the deformation mechanisms, driving forces (stresses)
and conditions (temperature, pressure and strain rates) associated with deformation.
Through the completion of this study a revised model for the deformation and exhuma-




SEM Methods and Sample
Preparation
2.1 Field Sampling
Rock samples were periodically collected from an incised gorge exposing a cross section
through the Grebe Mylonite Zone, this gorge provided the best out crop in the area.
Individual samples were collected from unobscured exposures. Samples were marked
with a strike line and down dip direction and sample number before being photographed
and extracted, all other information was recorded in field notes, which are summarised
in Appendix: B.1.
2.2 Sample Preparation
All thin sections were cut in kinematic XZ profile (parallel to lineation and perpendic-
ular to foliation) with the assumption that the lineation is parallel to the kinematic
transport direction. Sections were manually ground in a series of steps (grit sizes 240,
400 and 600 of aluminum oxide) to a thickness of 30 µm. Sections were then polished
in 3 steps, 15 minutes for 3 µm, 10 minutes for 1 µm and ∼30 minutes on a diamond
polishing plate followed by chemico-mechanical polishing using colloidal silica polish.
The edges of the slides are painted with a conductive carbon paste and the surface
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coated with a thin layer of evaporated carbon, this assists in providing electrical con-
ductivity across the topographic step between the slide and sample. This, together
with the carbon coat enables the sample to be irradiated by an electron beam without
charging.
2.3 Optical Microscopy
Optical microscopy was utilised to assess the mineralogy and microstructure of the
samples. Magnifications of 4x and 10x provided sufficient detail of each sample.
2.4 Point Counting
An optical microscope fitted with a stage mounted stepper frame allowed for consistent
step size. A grid of 1000 points was recorded for each analysed sample. The data is
recorded using Petrolite point counting software which provides the relative percentages
of the constitute minerals in each sample.
2.5 SEM Methods
Data were acquired using a Zeiss SIGMA-VP FEG-SEM at the University of Otago
(Figure: 2.1a). Operational parameters for acquistion methods described below are
displayed in table: 2.1 and operational configurations presented in figure: 2.1.
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Figure 2.1: (a) Zeiss scanning electron microscope (SEM). (b) Sample in brass sample
holder (stage) fitted to stage control mechanism stage at zero tilt. (c) Photo illustrating
stage configuration for EDX analysis. Working distance (WD) of 8.5 mm and zero tilt.
(d) Photo illustrating stage configuration for EBSD analysis. Working distance (WD)
of 20-30 mm and sample tilted at 70◦ to the incident electron beam. EBSD camera
inserted 208 mm from camera zero point.
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Parameter (EDX) (EBSD)
Stage tilt in degrees (T) 0.0◦ 70◦
Working distance (WD) in mm 8.5 20-30
Apperture diameter (µm) 60 300
EHT accelerating voltage (kV) 15 30
Approximate beam current (nA) 0.5-1 50-100
Vacuum type
Variable Pressure (VP) or High Vacuum (HV) HV HV
Camera Position from zero 0.0 mm 208 mm
Table 2.1: Table of parameters for the scanning electron microscope (SEM) analysis
by electron dispersive X-ray (EDX) and electron backscatter diffraction (EBSD).
2.6 Energy Dispersive X-ray
Energy dispersive X-ray (EDX) is an analytical technique used for identifying individual
mineral grain compositions. When a high energy electron beam is concentrated onto a
mineral each element contained in that mineral interacts with the electron beam. This
interaction excites electrons contained in the elements orbitals into a higher energy state
ejecting them completely from the element (Figure: 2.2a). Ejection of an electron leaves
a gap in the elements atomic structure which must be filled to maintain the integrity
of the element (Chauvin, 1951). Gaps left in orbitals from ejected electrons are filled
by electrons from higher energy orbitals dropping to a lower orbital. This causes X-
ray radiation of an energy that corrosponds to the energy gap between the initial and
final orbital energies (Figure: 2.2b)(Chauvin, 1951). These emitted X-rays can then
be measured and quantified (Chauvin, 1951). Minerals are composed of a variety of
elemental combinations which when analysed by EDX produce a spectra (Figure: 2.2c)
of all the elements contained within the mineral being analysed. The size of the spectra
peaks relates to the relative proportions of each element contained within the mineral,
therefore large peaks indicate a higher abundance of an element (Chauvin, 1951). For
this study samples are analysed at a working distance (WD) of 8.5 mm, accelerating
voltage of 15 kV and apperture of 60 µm (Figure 2.1c; Table: 2.1).
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Figure 2.2: Theory of energy dispersive X-ray (EDX). M, l and K represent electron
orbitals of different energy (a) Electrons are ejected from a low energy orbital by
incoming electron beam. (b) Electrons from higher energy orbitals drop down to fill
the gap left from the ejected electron, an X-ray equivalent to the energy gap between
orbitals is emitted. (c) Elemental spectrum of plagioclase feldspar height of the peaks
is relates to the number of counts/relative abundance of each element.
2.7 Electron Backscatter Diffraction
In this study electron backscatter diffraction is used for examining crystallographic
preferred orientation, phase determination and grain boundary identification of the
constituent minerals within a sample. Sample thin sections are housed within a brass
sample holder (Figure: 2.1b) orientated at 70◦ to the incident electron beam (Fig-
ure: 2.1d). Backscattered electron from the sample are diffracted onto a phosphor
screen orientated at approximately 90◦ from horizontal (Figure: 2.1d). Interaction
of backscattered electrons with the phosphor screen causes elumination of the screen
displaying visible electron backscatter diffraction patterns (EBSP) or Kikuchi bands
(Figure: 2.3c), these patterns correspond to the lattice planes diffracting the electrons
within the sample. EBSP’s are then recorded by a camera equipped for low light imag-
ing. From the orientations, relative positions, strength and spacing of these bands it is
possible to determine the phase and orientation of the mineral being analysed, this is
done automatically using Aztec software from Oxford Instruments. The electron beam
scans across the sample in preset grid formation at a predetermined step size defined
by the smallest grain you wish to image (the smaller the step size the higher the detail
imaged in the map) to produce a detailed map containing information relating to the
orientation, phase, and grain parameters of the analysed sample (Prior et al., 1999;
Prior et al., 2009). For this study a working distance of 20-30 mm, apperture size 300
µm accelerating voltage of 30 kV (Table: 2.1) with step sizes ranging from 2-11 µm.
Phase maps display each individual phase as different colour that can be preset (ie.
blue = quartz)(Figure: 2.3b).
Band contrast maps provided an indication of the quality of the indexing the detail
in these maps in controlled by a comparison of the quality of the Kikuchi bands relative
to the quality of the overall EBSP. A gray scale contrast is used for each data point
light contrast represent areas of good indexing with dark area indicating poor or no
indexing (Figure: 2.3a) (Maitland and Sitzman, 2006).
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Figure 2.3: EBSD images. (a) Band contrast image indicative of the quality of the
indexing of Kikuchi bands relative to the total quality of the of the EBSP. Light
contrasts indicate good indexing and dark contrast indicate poor or no indexing. (b)
Phase map image constructed from the phase data inferred from the EBSP’s each
indexed pixel is colored in accordance with predefined phase. This map is of a quartzo-
feldspahic rock with quartz indicated by blue and plagioclase indicated by yellow. (c)
An example of Kikuchi bands from EBSD.
Chapter 3
Grebe Mylonite Zone
3.1 Geology of the Jaquiery Stream Area
The Grebe Mylonite Zone (GMZ) was first recognised as a zone of strongly foliated
north-striking and steeply dipping shear rocks separating the Western Province from
the Median Batholith along the shore of Lake Manapouri (Turner, 1937). More recent
studies interpret the GMZ boundary to separate the Western Province and IMB from
the OMB and Eastern Province (Scott et al., 2011).
The GMZ extends from the Kepler Mountains in the north to Lake Hauroko in the
south (Scott et al., 2011) (Figure: 1.2) and ranges in width from 200-300 meters at
Lake Manapouri (Scott et al., 2011) to ∼ 1000 metres at Jaquiery Stream (Figure 3.1).
The protoliths of the GMZ are dominated by rocks of Darran Suite compositions
including the Hunter Intrusives (Jhi) and Fowler Pluton (Kfp). These units have
returned U-Pb dates from zircon ranging between 168 − 131 Ma (Kimbrough et al.,
1994; Muir et al., 1998; Scott and Palin, 2008; Allibone et al., 2009b; Scott et al.,
2009b; Scott et al., 2009d; Scott et al., 2011) and 127.9±1.1 Ma (MSWD = 1.5) (Scott
and Palin, 2008; Allibone et al., 2009b; Scott et al., 2009b; Scott et al., 2009d; Scott
et al., 2011) respectively. Both the Hunter Intrusives (Kimbrough et al., 1994; Muir
et al., 1998; Scott and Palin, 2008; Allibone et al., 2009b; Scott et al., 2009b; Scott
et al., 2009d; Scott et al., 2011) and Fowler Pluton (Scott and Palin, 2008; Allibone
et al., 2009b; Scott et al., 2009b; Scott et al., 2009d; Scott et al., 2011) have attained
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amphibolite facies metamorphic assemblages.
East of the GMZ is the Hunter Intrusive derived Borland Road Orthogniess with
an approximate U-Pb age of 147± 2.1 Ma (Cooper and Palin, unpublished). Intruded
along the western margin of the GMZ is the Separation Point Suite, Puteketeke Pluton
(Kpp) that returned U-Pb dates 120± 0.9 Ma (MSWD = 1.0) (Scott and Palin, 2008;
Allibone et al., 2009b; Scott et al., 2009b; Scott et al., 2009d; Scott et al., 2011). All
U-Pb dates are recorded with an error of 2σ and mean squared weighted deviation
(MSWD) where published (Appendix: C.1). The extent and locations of these units
at Jaquiery Stream are detailed in Figure: 3.1. Detailed descriptions of GMZ and the
adjacent units are outlined in this chapter.
3.2 Macrostructure of the Jaquiery Stream Area
The Grebe Mylonite Zone (GMZ) at the Jaquiery Stream is dominated by N-S striking
LS tectonites with an average foliation of 192/72W and mineral lineation plunging
40◦ towards south (Figure: 3.1). These data are comparable to the orientation of
GMZ reported by Scott et al. (2011) at Lake Manapouri. The eastern margin of the
GMZ is obscured by Tertiary river sediments in the Grebe River and debris from the
Tertiary Green Lake Landslide (Figure: 3.1). No shear zone boundaries were observed
in the field. The Borland Road Orthogniess, the closest exposed in situ unit east of
the GMZ, displays a well defined north striking foliation dipping ∼20◦ west with a
near horizontal mineral lineation plunging approximately 4◦ south (Figure: 3.1). The
western margin of the GMZ has an inferred contact with the Puteketeke Pluton which
has been obscured by recent Quarternary river sediments in Jaquiery Stream and dense
native bush that covers the valley walls. The foliation observed in Puteketeke Pluton
shallows significantly relative to the GMZ, dipping ∼ 40◦ containing ∼ 30◦ southwest
plunging mineral lineation (Figure: 3.1).
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Figure 3.1: 1:50000 scale geological map and cross section modified from the Fiordland
Qmap (Turnbull et al., 2010) to include field relationships from this study. Inserts are
enlargements of areas indicated by rectangles a,b and c. Equal area lower hemisphere
projections show poles to foliation (filled circle), average foliation (great circle) and
lineation (open circle) at the locations marked on the map. Map projection is New
Zealand Trans Mercator (NZTM).
3.3 Protolith Composition
Point count data of the GMZ, Puteketeke Pluton and Borland Road Orthogniess,
collected using Petrolite point counting software. 1000 points per sample (n) were
counted to estimate the relative proportions of the minerals contained in each sample
(Appendix: D.1). This is an inexpensive and relatively rapid data collection method
and was selected for this part of the study over the more expensive EDX method
using the scanning electron microscope. Comparing the relative proportions of quartz,
alkali feldspar and plagioclase (QAP) in the samples, the Hunter Intrusives returned
compositions consistent with diorite (n = 5) and granodiorite (n = 6) protoliths. The
Fowler (n = 3) and Puteketeke (n = 4) Plutons returned compositions consistant with
granite protoliths and the Borland Road Orthogniess (n = 1) a protolith composition
along the granite/granodiorite boundary (Figure: 3.2; Appendix: D.1). These data
are comparable to that of the compositions for Hunter Intrusives and Fowler Pluton
summarised in Allibone et al. (2009).
The GMZ comprises units derived from Hunter Intrusive and Fowler Pluton pro-
toliths. These units for the purpose of this thesis will be referred to as meta-diorite and
meta-granodiorite (Hunter Intrusives) and meta-granite (Fowler Pluton). Units outside
the margins of the GMZ will be referred to as the Borland Road Orthogniess (Hunter
Intrusives) and Puteketeke Pluton. Within the GMZ cross cutting relationships were
observed with the meta-diorite being intruded by the meta-granodiorite (Hunter In-




Figure 3.2: QAP plot of point counted compositional data of n samples from GMZ
and adjacent units at Jaquiery Stream, Fowler Stream and Borland Road (Figure:
3.1). Raw data and sample numbers tabulated in Appendix: D.1. Igneous rock type
definitions after Streckeisen (1976). Samples consist of 1000 data points from thin
section area of ∼ 20x10 millimeters. All dates are zircon U-Pb with an error of 2σ
(Appendix: C.1).
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Figure 3.3: Field photos (a) Foliation parallel sheets of meta-diorite and meta-
granodiorite. (b) Meta-granite with sigmoidal porphyroclasts of K-feldspar and pla-
gioclase surrounded by banded layers of biotite, quartz and plagioclase. (c) Puteketeke
Pluton displaying anastomosing foliation defined by biotite aligned sub-parallel to foli-
ation within a matrix of quartz and feldspar. (d) Cut surface of meta-diorite displaying
an anastomosing foliation and weak foliation sub-parallel banding of hornblende and
plagioclase. (e) Cut surface of meta-granodiorite displaying sub-parallel to foliation
aligned biotite grains within a matrix of quartz and feldspar. Black dashed line indi-
cates approximate trace of the foliation.
3.4 Meta-diorite
Meta-diorite is comprised of polygonal and irregular plagioclase (1-2 mm)(Figure: 3.4a;
3.4b) and sub-hedral hornblende (1-4 mm) (Figure: 3.4c,d,e) that is often rimmed with
fine grains of biotite (< 1 mm)(Figure: 3.4c; Table: 3.1), Sericite is extensive within
polygonal plagioclase grains (Figure: 3.4a). Minor amounts of < 1 mm grains of
epidote (Figure 3.4e), apatite (Figure: 3.4f), prehnite (Figure: 3.4g), and magnetite
(Figure: 3.4h) also occur throughout the meta-diorite.
Meta-diorite outcrops as sub-vertical sheets which range from a few centimetres
to several metres wide (Figure: 3.3a). Hornblende and plagioclase display an inter-
locking granular texture that segregates into alternating compositional bands (Figure:
3.4a,b,d) which align sub-parallel to the anastomosing foliation (Figure: 3.3d). Small
1 centimetre wide foliation parallel zones of < 1 mm grains of very well aligned horn-
blende and plagioclase grains are observed within the larger meta-diorite sheets.
Grain size (mm)
Unit Quartz Plagioclase K-feldspar Hornblende Biotite
Hunter Intrusives (Jhi)
Meta-diorite (n = 5) - 1-2 - 1-4 < 1
Meta-granodiorite (n = 6) 1-2 1-2 1 - < 1
Fowler Pluton (Kfp)
Meta-granite (n = 3) 1-2 0.5-2 2-10 1 < 1
Borland Road Orthogniess (n = 1) 1-2 2-3 1-2 - 1
Puteketeke Pluton (Kpp) (n = 4) 1-2 0.5-5 1-2 - 1
Pegmatite (n = 1) 1-4 1-4 2-10 < 1 -
Table 3.1: Grain size estimates from field observations, Jaquiery Stream, Fowler Stream




Figure 3.4: Petrology of meta-diorite (Photos a,b,g = cross polarised, c,d,e,f = plane
polarised and h = reflected light). (a) Polygonal plagioclase grains displaying ∼ 120◦
dihedral angle triple junctions and extensive sercite alteration. (b) Sub-polygonal pla-
gioclase grains displaying ∼ 120◦ dihedral angle triple junctions and small sub-grains
of sub-hedral hornblende. (c) Sub-hedral hornblende grain with biotite rims. (d) Sub-
hedral hornblende within a plagioclase matrix aligned sub-parallel to the anastomosing
foliation. (e) Sub-hedral hornblende altering to epidote. (f) Prismatic crystals of ap-
atite. (g) Fractures cross cutting hornblende and plagioclase infilled with prismatic
grains of prehnite. (h) Grains of biotite, hornblende and magnetite. (i) Hand speci-
men of meta-diorite with a zone of localised deformation adjacent to the dominantly
observed rock fabric.
3.5 Meta-granodiorite
Meta-granodiorite comprises a mineralogy dominated by irregular grains of quartz (1-2
mm) (Figure: 3.5a), plagioclase (1-2 mm)(Figure: 3.5b), K-feldspar (1 mm)(Figure:
3.5b), biotite (< 1 mm)(Figure: 3.5c) and minor < 1 mm grains of zircon (Figure:
3.5e), magnetite (Figure: 3.5d), hornblende and prehnite (Table: 3.1).
Meta-granodiorite forms sub-vertical sheets (Figure: 3.3a) that crosscut the meta-
diorite ranging in width from centimeters to several meters. Quartz and feldspar display
an interlocking equigranular texture and compositional banding (Figure: 3.3e; 3.5a,c)




Figure 3.5: Petrology of meta-granodiorite (photos a,b,e = cross polarised), c = plane
polarised and d = reflected light). (a) Foliation-parallel band of irregular quartz grains
bounded by irregular plagioclase grains. (b) Sub-polygonal and irregular shaped grains
of plagioclase and K-feldspar. (c) Foliation-parallel biotite grains within a matrix of
quartz and plagioclase. (d) Sub-parallel to foliation alignment of magnetite grains. (e)
Prismatic zircon grain within plagioclase host.
3.6 Meta-granite
A distinct feature of the meta-granite mineralogy is flesh pink K-feldspar (2-10 mm)
porphyroclasts (Figure: 3.3b) with poikloblastic texture and inclusions of muscovite
and zircon (Figure: 3.6g). There are additionally K-feldspar porphyroclasts which
display a microperthitic texture (Figure: 3.6f). These porphyroclasts are contained
within a matrix of quartz (1-2 mm) (Figure: 3.6a,b), plagioclase (0.5-2 mm) (Figure:
3.6a,b), hornblende (1 mm) (Figure: 3.6b,i), biotite and chlorite < 1 mm) (Figure:
3.6b,e; Table: 3.1). Minor phases of epidote (Figure: 3.6e), titanite (Figure: 3.6j) and
magnetite (Figure: 3.6i) are also observed.
The meta-granite outcrops as a large sub-vertical sheet that crosscuts both the
meta-diorite and meta-granodiorite. K-feldspar porphyroclasts commonly display foliation-
parallel overgrowths of myrmekite (Figure: 3.6h) and wedge shaped σ-type (Passchier
and Simpson, 1986) tails (Figure: 3.3b; 3.6d) composed predominantly of plagioclase
and quartz. The phases of quartz, plagioclase and biotite/chlorite segregate into al-





Figure 3.6: Petrology of meta-granite (photos a,c,d,e,f,g,h,j = cross polarised, b,i =
reflected light). (a) Irregular grains of quartz bounded by irregular plagioclase grains
displaying sercite alteration. (b) Porphyroclasts of K-feldspar and plagioclase within
a matrix comprised of alternating bands of quartz, plagioclase and biotite/chlorite.
(c) Foliation-parallel bands of quartz and sercite altered plagioclase. (d) K-feldspar
porphyroclast with σ-type tails comprised of quartz and plagioclase. (e) Tabular grain
of biotite surrounded by plagioclase and high birefringent epidote. (f) Micro-perthite
texture of a K-feldspar porphyroclast. (g) K-feldspar with poikloblastic texture of
muscovite and zircon. (h) Foliation-parallel overgrowth of myrmekite along the margin
of a K-feldspar porphyroclast. (i) Hornblende and magnetite grains in a matrix of
plagioclase and quartz. (j) Titanite surrounded by quartz and plagioclase.
3.7 Pegmatite
Felsic pegmatite sheets intrude all three units of the GMZ. Intrusion occurs across
layers and parallel to foliation (Figure: 3.7a) in the Jaquiery Stream above the eastern
contact of the meta-granite. The mineralogy of the pegmatite is dominated by grains
of quartz (1-4 mm)(Figure: 3.7b), plagioclase (1-4 mm)(Figure: 3.7b) and euhedral
K-feldspar (2-10 mm)(Figure: 3.7b) minor phases hornblende, muscovite, garnet and
zircon (< 1 mm) are present (Table: 3.1). While many of the pegmatite sheets have
foliation-parallel contacts (Figure: 3.7a) similar to the surrounding units the pegmatite
has not developed a foliation and appears undeformed maintaining an interlocking
granular texture (Figure: 3.7a) at macroscale. However microscopic observations reveal
aggregate bands of fine grained quartz and plagioclase bounded by coarse grains of K-
feldspar and plagioclase aligned approximately parallel to average foliation measured
in the adjacent meta-granite (Figure: 3.7b).
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Figure 3.7: (a) Massive flesh pink pegmatite sheet intruded along foliation cross cut-
ting meta-granite. (b) Photo micrograph (cross polarised) large grains of K-feldspar
bounded by an aggregate bands of irregular shape quartz and plagioclase crystals.
Outside of the GMZ
3.8 Borland Road Orthogniess
The Borland Road Orthogneiss is the closest exposed in situ rock to the east of the
GMZ at Jaquiery Stream. It outcrops on the eastern side of the Mt Cuthbert Fault
on the Borland Road (Figure: 3.1). The Borland Road Orthogniess is comprised of
irregular and sub-polygonal quartz (1-2 mm) (Figure: 3.8a), plagioclase (2-3 mm),
K-feldspar (1-2 mm) (Figure: 3.8b) and tabular biotite (1 mm) (Figure: 3.8c) grains
(Table: 3.1). Minor amounts of (∼1 mm) epidote (Figure:3.8d) and magnetite (Figure:
3.8e) grains are also present. Aggregates of bands of quartz and plagioclase alternate
with bands of biotite which align sub-parallel to foliation (Figure: 3.8e).
28
29
Figure 3.8: Petrology of the Borland Road Orthogniess (a,b,d = cross polarised, c
= plane polarised and e = reflected light microscopy). (a) Sub-polygonal grains of
quartz often bounded by small sub-grains. (b) Irregular and sub-polygonal grains of
plagioclase commonly bounded by small sub-grains. (c) Tabular biotite grains within
a matrix of quartz and plagioclase. (d) High birefringent grains of epidote bounded by
biotite, quartz and plagioclase grains. (e) Biotite aligned sub-parallel to foliation and
rare magnetite grains within a matrix of quartz and plagioclase.
3.9 Puteketeke Pluton
The Puteketeke Pluton outcrops along the western margin of the GMZ (Figure: 3.1).
Comprised of irregular quartz (1-2 mm)(Figure: 3.9a), polygonal and irregular pla-
gioclase (1-4 mm)(Figure: 3.9a,b), K-feldspar (1-2 mm)(Figure: 3.9c) and tabular
biotite (1 mm)(Figure: 3.9e) grains (Table: 3.1). Minor amounts of cubic magnetite (5
mm) (Figure: 3.9d,e) are also observed that produce an interlocking granular texture
(Figure: 3.9a,b). The mineral constitutes form banded layers sub-parallel to the anas-
tomosing foliation (Figure: 3.3c; 3.9a), these layers are commonly bounded by biotite
grains and are commonly deflected by K-feldspar porphyroclasts that exhibit σ-type
tails (Figure: 3.9c) similar to those described by (Passchier and Simpson, 1986). The
foliation diminishes in strength away from the western contact with the GMZ.
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Figure 3.9: Petrology of the Puteketeke Pluton (a,b,c = cross polarised, d = reflected
light and e = plane polarised light microscopy). (a) Foliation sub-parallel bands of
irregular shaped quartz surrounded by irregular and sub-polygonal grains of plagioclase.
(b) Sub-polygonal and irregular shaped grains of plagioclase, relict plagioclase grains
display extensive twinning. (c) K-feldspar porphyroclast with σ-type wedge shaped
tails comprised of plagioclase and quartz. (d) Cubic grains of magnetite within a matrix
of quartz and plagioclase. (e) Tabular biotite aligned sub parallel to foliation with rare
grains of epidote and opaque magnetite, within a matrix of quartz and plagioclase.
3.10 Feldspar and Hornblende Composition
Energy dispersive X-ray (EDX) (Figure: 2.1c) analysis of a representative sample from
each unit within the GMZ, Borland Road Orthogniess and Puteketeke Pluton was used
to calculate the compositions of plagioclase, K-feldspar and hornblende. Additionally,
2 zones of localised deformation (1 meta-diorite; 1 meta-granodiorite) within the GMZ
were also analysed.
Principal units of the GMZ, Puteketeke Pluton and Borland Road Orthogniess
are dominated by plagioclase compositions that range from albite to oligoclase and K-
feldspar of orthoclase composition (Figure: 3.10a). Feldspar compositions from two fine
grained zones of localised deformation display two individual populations of plagioclase
of albite and oligoclase composition as well as one composition of more calcic bytownite
(Figure: 3.10b). K-feldspar is dominated by orthoclase composition (Figure: 3.10b).
Several analyses display elevated concentrations of potassium, two explanations are
proposed to explain this scatter in feldspar compositions: (1) these represent grains
of microperthite; or (2) elevated potassium results from analysis of plagioclase grains
with sericitic alteration.
The abundance of oligoclase and albite composition plagioclase can be attributed
to the a shift from amphibolite facies to greenschist facies metamorphic conditions
(Spear, 1993; Winter, 2010) during exhumation of these rocks.
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Figure 3.10: Energy dispersive X-ray (EDX) derived plagioclase compositions of the
Median Batholith at Jaquiery Stream and Borland Road, eastern Fiordland. Raw
data tabulated in appendix: D.2. (a) Plagioclase compositions ranging from albite-
oligoclase and orthoclase (K-feldspar). (b) represents two 1 cm wide zones of localised
deformation from meta-diorite and meta-granodiorite, that indicates a shift towards a
more albite dominated composition is recognised in these zones.
Hornblende compositions were calculated according to the criteria of Leake et al.
(1997) for calcium amphiboles. 2 distinct populations are recognised within the units
of the GMZ. The meta-diorite produces compositions extensively dominated by magne-
siohornblende and minor tschermakite (Figure: 3.11b), while the meta-granite returned
compositions of ferropargasite (Figure: 3.11a). These compositions are inferred from
studies of synthetic amphiboles (Ernst and Liu, 1998) to represent hornblendes that
likely crystallised from magma at temperatures between 700 and 950◦C.
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Figure 3.11: Energy dispersive X-ray (EDX) derived hornblende compositions from the
Grebe Mylonite Zone (a) Meta-granite from Jaquiery Stream and Fowler Stream. (b)
Meta-granodiorite from Jaquiery Stream. Classification of hornblende compositions
after Leake et al. (1997). Raw compositional data tabulated in appendix: D.3
3.11 Chapter 3 Summary
 Grebe Mylonite Zone is comprise of three principal units: meta-diorite, meta-
granodiorite and meta-granite.
 The Grebe Mylonite Zone is bounded by the Puteketeke Pluton to the west and
Borland Road Orthogniess to the east.
 All three GMZ units display a north-striking steeply west dipping foliation and
moderately south plunging lineation.
 Dominant minerals in all lithologies are: quartz, feldspar and hornblende.
 Feldspar compositions are dominated by: albite, oligoclase and orthoclase.







The structures that develop in shear zone rocks can provide valuable information re-
lating to the deformation processes and prevalent conditions during shearing. Geologic
structures range from macro- (e.g., foliation) described in the previous chapter to micro-
(e.g., crystallographic preferred orientation) scale. Analysis and comparison at multi-
ple scales is required to provide a complete assessment of the possible processes and
mechanisms which produce these structures.
In this chapter the structures observed in the GMZ are presented. Microstructural
evidence is extracted from the dominant mineral phases of quartz, plagioclase and
hornblende in an attempt to place some constraint on the conditions experienced during
deformation.
4.1 Quartz
Quartz grains throughout the GMZ (meta-diorite, meta-granodiorite and meta granite)
have irregular shaped grains with interlobate grain boundaries and undulose extinction
(Figure: 4.1b-i). In the meta-granodiorite and meta-granite quartz grains occur in
quartz rich bands parallel to foliation (e.g., Figure: 4.1g,i). Rare grains of quartz within
the meta-granodiorite have preserved a ’chessboard’ extinction pattern (Figure: 4.1d)
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similar to those described by Kruhl (1996). Straight grain boundary segments within
otherwise irregular shape boundaries are regularly observed in all samples (Figure:
4.1a-j).
The Borland Road Orthogniess quartz grains demonstrate sweeping and undulose
extinction and have straight and irregular grain boundaries. Several large grains are
observed bounded by small grains with straight extinction (Figure: 4.1j). Quartz
grains in the Puteketeke Pluton are dominated by irregular shaped grain boundaries
that display straight and sweeping extinction. Foliation parallel quartz bands occur




Figure 4.1: Quartz microstructure at Jaquiery Stream, Fowler Stream and Borland
Road. All photo micrographs are cross polarised light. (a) OU84968 (Puteketeke
Pluton): Irregular grain shapes with interlobate grain boundaries and undulose extinc-
tion. (b) OU84958 (meta-granodiorite): Irregular grain shapes with interlobate
grain boundaries and undulose extinction. Some very small sub grains are present.
(c) OU84959 (Meta-granodiorite): Irregular shaped grains with interlobate grain
boundaries and undulose extinction. (d) OU84959 (meta-granodiorite) Irregular
shaped quartz grain displaying ’chessboard’ type extinction. (e) OU84965 (meta-
granite) Large sub-polygonal with straight grain boundary segments and irregular
quartz with interlobate grain boundaries and undulose extinction. (f) OU84966
(meta-granite): Irregular shaped grains with interlobate grain boundaries and un-
dulose extinction. (g) OU84961 (meta-granodiorite): Irregular shaped grains with
interlobate grain boundaries and undulose extinction in foliation-parallel bands. (h)
OU84960 (meta-granodiorite) Irregular shaped grains with interlobate and straight
grain boundary segments and undulose extinction. (i) OU84967 (meta-granite):
Irregular shaped grains with interlobate grain boundaries with undulose extinction,
displaying both straight and curve boundary segments. Quartz grains form bands sub-
parallel to foliation. (j) OU84970 (Borland Road Orthogniess): Sub polygonal
shaped grains dominated by straight grain boundary segments and straight extinction
often bounded by small sub-grains.
Temperature was also recognised to play a significant role in the active mecha-
nisms of deformation. Studies of quartz recrystallisation in experiments (Hirth and
Tullis, 1992) and in natural samples (Stipp et al., 2002) have identified 3 regimes
or recrystallisation mechanisms that dominate under different conditions. Regime 1 or
Bulging recrystallisation (BLG) is defined by bulges and small sub-grains aligned along
grain boundaries. Regime 2 or sub-grain rotation recrystallisation (SGR) is defined by
core and mantle structures of porphyroclastic grains and recrystallised sub-grains and
regime 3 or grain boundary migration recrystallisation (GBM) defined by irregular
grain shapes and sizes with interlobate grain boundaries (Figure: 4.2).
Each mechanism dominates under particular temperature and/or strain rate condi-
tions. BLG recrystallisation is inferred to dominate quartz deformation at temperatures
of ∼ 300− 400◦C. SGR recrystallisation dominates at temperatures of ∼ 400− 500◦C
and GBM recrystallisation dominates above ∼ 500◦C. These temperatures would be
lower at high strain rates and higher at low strain rates (Figure: 4.2) (Stipp et al.,
2002). These quartz regimes are utilised in this study to estimate the deformation
conditions of the GMZ.
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Figure 4.2: Dislocation creep deformation mechanisms after Stipp et al. (2002) and
their relationship to temperature and strain rate, low temperature/high strain rate
regime 1 /bulging recrystallisation (BLG), medium temperature/medium strain rate
regime 2/sub-grain rotation recrystallisation (SGR) and high temperature/low strain
rate regime 3/grain boundary migration (GBM). Approximate temperatures for tran-
sition between deformation mechanisms ∼ 400◦C for BLG-SGR and ∼ 500◦C for SGR-
GBM.
The microstructures observed in the GMZ and Puteketeke Pluton are indicative of
dominant GBM recrystallisation, these are inferred to represent deformation temper-
atures of > 500◦C. The Borland Road Orthogniess is dominated by microstructures
interpreted as SGR recrystallisation and represent a lower deformation temperature of
∼ 400− 500◦C. Estimates of temperature relative to proximity to the contact between
the GMZ and the Puteketeke Pluton (Figure: 3.1) for each sample described in Fig-
ure: 4.1 are presented in Figure: 4.3. An approximate transition from GBM to SGR
dominant recrystallisation of quartz occurs at or beyond the inferred eastern margin
of the GMZ (Figure: 4.3).
Quartz bands, such as those aligned parallel to foliation in the meta-granodiorite,
meta-granite and Puteketeke Pluton are interpreted to form at temperatures of 550−
700◦C (Hippertt et al., 2001; Scott et al., 2011). The occurrence of ’chessboard’ ex-
tinction pattern is proposed by Kruhl (1996) to indicate the transition between α and
β quartz.
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Figure 4.3: Graph displaying approximate inferred deformation temperature vs dis-
tance from GMZ/Puteketeke Pluton contact. Temperatures based on estimates from
dominate quartz dislocation creep mechanism after Stipp et al. (2002). Transition zone
between sub grain rotation (SGR) and grain boundary migration (GBM) recrystallisa-
tion mechanisms inferred by dashed line.
This transition between α and β quartz is pressure dependent and is estimated from
the Kruhl (1996) P-T diagram to be ∼ 730◦C at ∼ 6.5 kbar for the GMZ assuming a
geothermal gradient of 30◦C/km and 1 kbar/3 km common in continental/arc settings
(e.g., Dorsey, 1988). From this it is inferred that the occurrence of quartz grains with
chessboard extinction patterns in the GMZ are relicts remaining from the emplacement
of protolith magma and are not indicative of the temperatures associated with the
deformation of the GMZ.
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4.2 Plagioclase
The following section describes the microstructure of plagioclase within the GMZ and
adjacent units.
The meta-diorite is exhibits polygonal grains with straight grain boundaries often
demonstrating triple junctions intersecting at ∼ 120◦ dihedral angles, rare quadruple
junctions were occasionally observed (Figure: 4.4b). Plagioclase grains display straight
extinction and only rare twins. Small irregular and sub-polygonal shaped grains of
plagioclase are often observed adjacent to the larger relict grains. These grains generally
display straight extinction and no twinning (Figure: 4.4a).
The meta-granodiorite is dominated by irregular shaped plagioclase grains that
display straight extinction and no twinning. These small irregular grains are often
elongate sub parallel to foliation and occur as part of foliation sub-parallel aggregates
(Figure: 4.4c). Few relict grains of plagioclase are preserved in the meta-granodiorite.
The relict grains that are have irregular shapes, sweeping extinction, thin tapered twins
and are surrounded the previously described grains of plagioclase (Figure: 4.4d).
The meta-granite constitutes similar amounts of polygonal grains with straight
grain boundaries that intersect at ∼ 120◦ junctions, tapered twinning and some micro-
fracturing (Figure: 4.4e). Irregular shaped grains with straight extinction and no
twinning are also abundant in the meta-granite. These grains are often observed along
the boundaries of relict grains and demonstrate sweeping extinction (Figure: 4.4f).
Outside the margins of the GMZ the Borland Road Orthogniess is dominated by
polygonal plagioclase grains with sweeping extinction (Figure: 4.4i) and the grain
displaying occasional oscillatory extinction (Figure: 4.4j) patterns. These polygonal
grains are often bounded by small round sub-grains of plagioclase (Figure: 4.4i).
The Puteketeke Pluton is dominated by relict grains of sub-polygonal plagioclase
with straight grain boundaries that intersect at 120◦ triple junctions, sweeping extinc-
tion and tapered cross hatch twinning (Figure: 4.4g). These relict grains are often
bounded by small irregular grains with straight or sweeping extinction and no twin-




Figure 4.4: Plagioclase microstructure at Jaquiery Stream, Fowler Stream and Borland
Road (All photos are taken in cross polarised light). Meta-diorite. (a) Recrystallised
plagioclase grains adjacent to larger relict grains. (b) Triple junctions intersecting at
∼ 120◦ and quadruple grain boundary junctions between polygonal plagioclase grains.
Meta-granodiorite. (c) Triple grain boundary junctions intersecting at ∼ 120◦ be-
tween sub-polygonal grains and irregular elongate grains of plagioclase. (d) Relict pla-
gioclase grain with tapered twinning adjacent to small irregular recrystallised grains.
Meta-granite. (e) Sub-polygonal grains of plagioclase demonstrating tapered twin-
ning and ∼ 120◦ triple grain boundary junctions. (f) Relict plagioclase grain with
sweeping extinction adjacent to irregluar shaped recrystallised grains of plagioclase.
Puteketeke Pluton. (g) Sub-polygonal plagioclase grains with thin tapered twinning
and ∼ 120◦ triple grain boundary junctions. (h) Relict grains of plagioclase with taper
twins adjacent to small recrystallised sub-grains. Borland Road Orthogniess. (i)
Relict grains of plagioclase bounded by small recrystallised sub-grains. (j) Plagioclase
grain displaying oscillatory extinction.
foliation (Figure: 4.4h).
From the observations of plagioclase microstructure two probable mechanisms are
inferred to dominate deformation of plagioclase in the Jaquiery Stream region: (1)
Relict grains of plagioclase adjacent to clusters of small irregular grains (Figure: 4.4a,d,f,h,i)
are inferred to be core and mantle structures, these are thought to represent deforma-
tion by the dislocation creep mechanism of sub-grain rotation (SGR) recrystallisation
similar to that observed in quartz by Hirth and Tullis (1992) and Stipp et al. (2002)
(Figure: 4.2); (2) The occurrence of abundant 120◦ triple junctions (Figure: 4.4b,e,g,h)
and rare quadruple junctions (Figure: 4.4b) between grain boundaries of polygonal pla-
gioclase grains are inferred to represent a potential influence of grain boundary sliding
(GBS)(Figure: 4.5) described in (Passchier and Trouw, 2005).
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Figure 4.5: Deformation by grain boundary sliding mechanism (GBS) after Passchier
and Trouw (2005). Demonstrating GBS and switching under sustained stress changing
the elongation direction of deforming grains.
4.3 Hornblende/Biotite
Large sub-hedral hornblende grains in the meta-diorite are dominantly aligned with
their long axis sub-parallel to the foliation (Figure: 4.6a). In zones of localised de-
formation, large grains have fractured parallel to the long axis of the grain producing
abundant very well-aligned sub-hedral grains (Figure: 4.6b). Hornblende in the meta-
granite displays small sub-hedral grains aligned sub-parallel to foliation (Figure: 4.6c).
In the meta-diorite, meta-granodiorite, meta-granite and Puteketeke Pluton biotite
grains are aligned in foliation-parallel bands with their c-axes approximately perpen-
dicular to foliation (Figure: 4.6a,b,c; 3.9e). The Borland Road Orthogniess biotite
occur as large tabular grains less well-aligned to foliation (Figure: 3.8e).
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Figure 4.6: Microsturucture of meta-diorite (a,b) and meta-granite (c). (a) Sub-hedral
grains of hornblende aligned sub-parallel to mylonitic foliation intermingled with sub-
polygonal plagioclase grains. (b) Very well-aligned sub-hedral hornblende grains par-
allel to foliation, bounded by foliation-parallel biotite and inter dispersed plagioclase
grains. (c) Hornblende drawn out sub-parallel to foliation within a fine grained matrix
of plagioclase and quartz. All micrographs are plane polarised light.
4.4 Shape Fabric
Rocks and their constituent grains change shape when deformed. These changes are
observed as planar and linear features within the rock that are defined by the alignment
of mineral grains (e.g., quartz bands) in parallel and oblique orientations relative to
foliation (Lister and Snoke, 1984)(Figure: 4.7c). S-C fabrics described by Berthé et al.
(1979) and Lister and Snoke (1984) as two intersecting foliations with S-surfaces that
define components of the finite strain and C-surfaces that relate localised zones of high
shear strains represent this oblique structure. Lister and Snoke (1984) characterised S-
C fabrics into 2 types. Type I is defined by shear bands larger than grain-scale forming
a mylonitic foliation that anastomoses in and out of zones of high strain. These S-C
fabrics are very common in mica-rich rocks (e.g., schist)(Figure: 4.7a). Type II S-C
fabrics have C-surfaces defined by mica fish tails observed more commonly in rocks like
granites (Figure: 4.7b).
Figure 4.7: Shape fabrics after Berthé et al. (1979) and Lister and Snoke (1984). (a)
Type I S-C fabric are defined as intersecting shear bands which are larger than grain
scale and common in mica rich rocks. (b) Type II S-C fabric defined by the alignment
of mica fish tails parallel to C plane and the long axis of the mica fish aligned parallel
to the S plane. (c) Oblique foliation defined by the elongation of grains oblique to the
original foliation.
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Evidence of S-C fabrics were observed rarely within a fine-grained aggregate be-
tween adjacent units in the GMZ. Oblique foliation is observed, defined by elongate
bands of quartz, and to a lesser degree plagioclase, from a 1 cm wide zone of localised
deformation (Figure: 4.8a,b). Shape fabric in the less-deformed meta-granodiorite have
not developed oblique quartz bands these occur only as foliation-parallel bands (Figure:
4.9c.d).
Hornblende grains in meta-diorite align sub-parallel to foliation in the zones of
localised deformation (Figure: 4.8c,d). In the less deformed meta-diorite sub-hedral
hornblende develop a fabric oblique to the foliation (Figure: 4.9a,b). It is inferred that
the shape fabrics developed by hornblende result from a shape preferred alignment of
the tabular crystals, that have been rotated within a more ductile plagioclase parallel
to the inferred shear direction (Figures: 4.8; 4.9).
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Figure 4.8: (a) Band contrast image of meta-granite displaying oblique foliation. (b)
Phase map image of meta-granodiorite displaying oblique and parallel bands of quartz
(blue) and plagioclase (yellow) relative to foliation, forming possible S-C fabrics. (c)
Band contrast image of meta-diorite displaying foliation-parallel alignment of mineral
grains. (d) Phase map image of meta-diorite displaying foliation-parallel alignment of
hornblende (green) and plagioclase (yellow). Approximate trace of foliation indicated
by dashed line.
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Figure 4.9: (a) Band contrast image of meta-diorite (dashed line = approximate trace
of foliation). (b) Phase map image of meta-diorite displaying oblique alignment of
hornblende (green) and parallel alignment plagioclase (yellow) relative to foliation (ap-
proximate trace of foliation indicated by dashed line). (c) Band contrast image of
meta-granodiorite (dashed line = approximate trace of foliation). (d) Phase map im-
age of the meta-granodiorite displaying foliation-parallel bands of quartz (blue) and
aggregates of plagioclase (yellow)(approximate trace of foliation indicated by dashed
line).
4.5 Origin of Foliation: Magmatic or Tectonic?
Determining the origin of a foliation requires detailed mineral chemistry, microstruc-
tural and orientation observations of the studied rock. Magmatic foliations have been
defined by the alignment of igneous minerals through magmatic flow, this process re-
quires there to be sufficient melt present to allow crystals to rotate and align with
minimal interaction with other crystals. This leads to a preferential alignment of ig-
neous minerals relative to the flow direction (Paterson et al., 1989).
Indicators of plastic deformation (e.g., undulotory extinction and kink banding in
plagioclase, mica and hornblende) are common features observed in tectonically de-
rived foliations, the presence of myrmekite, shape preferred orientations (e.g., quartz
bands, aligned mineral grains) and recrystallised aggregates of plagioclase and quartz
are features indicative of steady state deformation, this combination of reduction in
grain size and elongation of minerals leads to the formation of a tectonic foliation .
The occurrence of metamorphic minerals have been noted to be representative of a
tectonic deformation (Paterson et al., 1989), however, metamorphic indicator minerals
i.e., garnet also occur in settings with little influence from tectonic processes (Winter,
2010).
From the petrography and structures observed within the GMZ and adjacent Puteke
-teke Pluton, indicators to the origin of the foliation demonstrate features with affinities
of a tectonic origin. These features include quartz grain with undulose extinction
(Figure: 4.1), quartz bands (Figure: 3.5; 3.6), the presence of myrmekite (Figure: 3.6)
as well as the foliation-parallel alignment of minerals (e.g., hornblende and biotite)
(Figure: 3.4; 3.5; 3.6; 3.9; 3.8) and mineral aggregates often comprised of elongate
grains (e.g., plagioclase)(Figure: 4.4c). The Borland Road Orthogniess displays some
features that would indicate some influence from magmatic processes on foliation (e.g.,
oscillitory extinction in plagioclase)(Figure: 4.4j). However these features are rare and
the rock is dominated by tectonically derived indicators (e.g., aligned biotite grains).
From these observations the foliation observed in the GMZ is dominated by fea-
tures of a tectonic origin. These features are interpreted to have developed during
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deformation/exhumation of the GMZ. From the current data it is difficult to rule out
influences from a previous magmatic foliation, which may have been tectonically over-
printed during the deformation.
4.6 Chapter 4 Summary
 Quartz recrystallisation in the GMZ and Puteketeke Pluton are dominated by
grain boundary migration (GBM) mechanism, indicative of deformation temper-
atures > 500◦C.
 Quartz recrystallisation in the Borland Road Orthogniess is dominated by the
sub-grain rotation (SGR) mechanism, indicating lower deformation temperatures
or higher strain rates than observed in the GMZ and Puteketeke Pluton.
 Core and mantle structures in plagioclase indicate recrystallisation by sub-grain
rotation (SGR) mechanism.
 Hornblende grains provide no evidence for dynamic recrystallisation and are in-
ferred to have deformed by brittle mechanisms.
 Oblique foliation were observed in quartz bands in a zone of localised deformation
in the meta-granodiorite.




Kinematics of the Grebe Mylonite
Zone
Kinematic indicators are asymmetrical structures that develop within shear zone rocks
during deformation by shearing (Mawer, 1989). These structures can provide informa-
tion relating to the depth at which shearing occurred, the direction of shear, the relative
sense of shear and often the amount of shearing displacement accommodated by a shear
zone (Mawer, 1989). In this chapter, analysis focuses on the kinematic indicators com-
mon in ductily deformed mylonitic shear zones. Common indicators used to determine
relative motion (shear sense) include large scale folds, folded and/or boudinged veins
(Passchier and Trouw, 2005), rotated porphyroclasts (σ-type)(Passchier and Simpson,
1986), mica fish (Lister and Snoke, 1984), crystal shape and S-C fabrics (i.e., oblique
foliation) (Berthé et al., 1979; Lister and Snoke, 1984) and crystallographic preferred
orientations (CPO) (Schmid and Casey, 1986; Law, 1990) of individual mineral phases.
Kinematic indicators observed in the GMZ are described in the following sections.
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5.1 Macroscale Kinematic Indicators
Macroscale kinematic indicators are examined in the context of an extensive shallow
20◦ south plunging mineral lineation throughout the GMZ. Sigmoidal porphyroclasts
of K-feldspar are the dominating feature throughout the meta-granite (Figure: 3.3b;
3.6b.d). The western GMZ is intruded by abundant felsic dikes which range from 1
millimeter to 0.5 meter wide. These dikes display both fold and boudinage structures
(Figure: 5.1). No absolute shear sense is determined from macro kinematic indicators









Figure 5.1: Schematic diagram displaying observed macroscale kinematic indicators
within the GMZ. (a) Folded felsic vein within mafic host. (b) Apparent sinistral sense
of shear of a K-feldspar porphyroclast within the meta-granite. (c) Large boudinaged
vein intruding the meta-diorite and meta-granodiorite in the western GMZ. (d) Boud-
inaged felsic layer within mafic host of meta-diorite and meta-granodiorite eastern
GMZ. (e,j) Thin millimeter wide boudinaged and folded veins. (f) Cross cutting re-
lationship between 2 felsic veins apparent sinistral sense of shear. (g,h) Folded felsic
veins in the meta-diorite and meta-granodiorite, western GMZ. (i) Large mafic layer
of meta-diorite folded within a felsic meta-granodiorite.
5.2 Microscale Kinematic Indicators
Micro kinematic indicators were observed looking towards the west in meta-diorite (n =
5), meta-granodiorite (n = 4) and Fowler Pluton (n = 3) in the GMZ and surrounding
units Puteketeke Pluton (n = 2) and Borland Road Orthogniess (n = 1) were n is the
number of sample thin sections analysed. Kinematic indicators observed include σ-type
tailed porphyroclasts dominated by K-feldspar grains (< 1 mm to 1 cm in diameter)
with wedge shaped tails composed primarily of oligoclase and quartz (Figure: 5.2c),
rotated mineral aggregates (e.g., plagioclase and epidote) that form sigmoidal shapes
often with thin tails parallel to foliation (Figure: 5.2b) and weakly developed fish
structures of biotite mica (Figure: 5.2a) were observed. From these observations a
slight bias towards apparent sinistral shear sense (Table: 5.1).
Unit Shear Sense Indicator Total
Grebe Mylonite Zone (GMZ) Mica fish Min ag σ-Type Rot
S/D S/D S/D S/D
Meta-diorite (Jhi) n = 5 1/ 2 10/6 9/10 20/18
Meta-granodiorite (Jhi) n = 4 2/1 15/14 8/7 24/22
Meta-granite (Kfp) n = 3 2/0 5/4 14/11 21/17
Outside GMZ
Borland Road Orthogniess (Jhi) n = 1 6/10 0/0 4/6 10/16
Puteketeke Pluton (Kpp) n = 2 2/2 0/0 4/8 6/10
Table 5.1: Numbers of sinistral (S) and dextral (D) shear sense indicators form the
rocks of the GMZ and adjacent units. 3 types of shear sense indicator were observed
mica fish, Mineral aggregates (Min ag), σ-type rotated porphyroclasts (σ-Type Rot).
Sinistral kinematic indicators are slightly more prevalent. All samples are oriented
looking west. n = number of sample thin sections/unit.
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Figure 5.2: (a) Mica fish in meta-granodiorite indicating sinistral sense of shear. (b)
Aggregate of epidote grains in meta-diorite with biotite drawn out in to tails indicating
a sinistral shear sense. (c) Rotated porphyroclast of K-feldspar in meta-granite with
wedge shaped σ-type tails of plagioclase and quartz, shear sense indicated is dextral.
Several ideas have been proposed to explain the opposing shear sense indications
or deformational partitioning observed in shear zones. Early studies of shear sense
indicators proposed that this phenomenon represents a more complex deformational
history with multiple events that range from coaxial shortening to simple shearing
(Bell and Johnson, 1992). More recent studies indicate deformational partitioning in
shear zones is influenced by factors such as the differences in rheology, deformation
mechanisms and the strain rate of the compositional layers in the deforming rock
(Hippertt and Tohver, 1999). It is likely that the opposing senses of shear observed
within the GMZ are the result of deformation by a combination of coaxial shortening
and simple shearing coupled with the differences in rock rheology.
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5.3 Chapter 5 Summary
 Macro scale shear sense indicators display opposing shear senses, inferred to be
the result of a combination of co-axial shortening, shearing and rheological dif-
ferences between compositional layers.





Crystallographic preferred orientations (CPO) are a powerful tool in the investigation
of the mechanisms associated with rock deformation (Shelley, 1979; Wenk and Christie,
1991). CPO fabric patterns can contain valuable information relating to strain sym-
metry, orientation of extension and contraction fields and the dominant active slip
systems associated with deformation. The relationship between the fabric pattern and
the features of finite deformation (eg. foliation and lineation) can provide data relating
to the shear sense and kinematics associated with deformation (Law, 1990).
CPOs can be produced by dislocation creep mechanisms during dynamic recrys-
tallisation (Tullis et al., 1973; Law, 1990; Wenk and Christie, 1991; Hirth and Tullis,
1992; Stipp et al., 2002) and the rotation of inequant grains (Tullis et al., 1973; Law,
1990). Three factors were recognised by (Lister and Williams, 1979; Lister and Hobbs,
1980; Law, 1990; Law et al., 2010) as likely controls of CPO formation in quartzite
by intracrystalline slip. (1) strain path, (2) the magnitude of finite strain, and (3)
combination of active slip systems. Some of these features were later confirmed in
experiments by Dell’Angelo and Tullis (1989).
The influence of temperature and strain rate have also been identified as controlling
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factors associated with recrystallisation mechanisms (Law, 1990; Hirth and Tullis, 1992;
Stipp et al., 2002) (described in chapter 4) and the development quartz CPO fabrics
(Law, 1990).
Activity of slip systems as described by Schmid and Casey (1986) and CPO fab-
ric patterns in quartz display a similar relationship with increasing temperature. A
progressive shift from basal < c > at low temperatures > 400◦C to prism < a > (Y
maximum fabrics) at > 500◦C (Stipp et al., 2002) and prism < c > at high tempera-
tures exceeding 650◦C (Mainprice et al., 1986) (Figure: 6.1). Quartz fabric asymmetry
relative to an XZ kinematic reference frame can also be used to determine the shear
sense from the relative rotation of CPO fabric towards the principal plane of maximum
shear (Law, 1987; Dell’Angelo and Tullis, 1989; Law, 1990)(Figure: 6.1).
Figure 6.1: (a) Recognised quartz slip system and associated orientation of c-axis
maximum relative to XZ kinematic reference after (Schmid and Casey, 1986; Toy et al.,
2008). (b) The development quartz CPO fabric and active slip systems with respect
to increasing temperature after Stipp et al. (2002). ∼ 400◦ and 500◦C temperature
boundaries inferred from Stipp et al. (2002). > 650◦C boundary from Mainprice et al.
(1986).
Deformation fabrics of plagioclase are much more complex and not as well under-
stood as quartz. Low mineral symmetry (Lloyd and Kendall, 2005), complex relation-
ships with changing crystallography with respect to different plagioclase composition
and the associated active slip systems (Marshall and Mclaren, 1977; Marshall and
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McLaren, 1977; Kruse et al., 2001), make plagioclase CPO fabrics difficult to interpret.
Experiments on deforming plagioclase display dominance of the slip system (010)[001]
referred to as the soft orientation by Kruse et al. (2001). This slip system has also
been observed in naturally deformed rocks in studies by Kanagawa et al. (2008); Mehl
and Hirth (2008); Pearce et al. (2011). All recognised slip systems for plagioclase are
illustrated in Figure: 6.2 (Marshall and Mclaren, 1977; Marshall and McLaren, 1977;
Kruse et al., 2001).
Three principal plagioclase fabrics were identified from an extensive study of gab-
broic composition rocks by Satsukawa et al. (2013) in an attempt to characterise the
difference between magmatic and plastically deformed plagioclase CPO fabrics. These
fabrics are summarised in Figure: 6.3. It was determined that the presense of 2 CPO
fabrics axial-B and type-P are representative of magmatic rocks, with the introduction
of axial-A fabrics indicative of the presence plastic deformation. Steady state defor-
mation fabrics (Means, 1981) have been observed in experimentally (e.g., Heidelbach
et al., 2000) and naturally deformed (e.g., Kanagawa et al., 2008; Mehl and Hirth,
2008) plagioclase samples. These fabrics exhibit (001) clusters perpendicular to folia-
tion and [100] directions sub parallel to lineation (Figure: 6.3).
Hornblende is a major constituent of mid- to lower- crustal rocks and is an impor-
tant mineral in controlling rheology. Hornblende develops a strong CPO in sheared
rocks that is inferred to be partially due its strength (Hacker, 1990; Getsinger and
Hirth, 2014). Hornblende generally occurs as euhedral and subhedral crystals that lack
evidence of the operation of crystal plastic deformation mechanisms (e.g., undulose ex-
tinction, sub-grains) (Kanagawa et al., 2008). Hornblende in sheared rocks commonly
demonstrates the dominant (100)[001] slip system, first observed in experiments by
Dollinger and Blacic (1975). This slip system has been observed regularly in natural
(e.g., Kanagawa et al., 2008; Mehl and Hirth, 2008; Pearce et al., 2011) and experimen-
tal (Getsinger and Hirth, 2014) studies. It was demonstrated by Hacker (1990) that
hornblende can behave brittlely at temperatures exceeding 750◦C. Because of this it
is proposed hornblende grains often act as rigid bodies and rotate within a more duc-
tile matrix, often plagioclase. Tabular grains rotate until they become preferentially
63
Figure 6.2: Observed slip systems in intermediate composition plagioclase (An50) after
Marshall and Mclaren (1977) presented in the form of a inverse pole figure (IPF) (Burri
et al., 1967; Kruse et al., 2001). Pole to (010) plane to the east, [001] direction in the
center (out of page). Great circles represent slip planes (SP) and points (Burgers
vectors). Arrowheads represent the slip plane Burgers vector was observed in. IPF
plotted in upper hemisphere projection.
aligned with the principle shear plane (XY plane) and align parallel to the dominant
slip direction. This strong alignment results in a strong CPO of hornblende grains.
CPOs of the minerals quartz, plagioclase and hornblende were measured using
electron backscatter diffraction (EBSD) (e.g., Prior et al., 1999)(Figure: 2.1). CPO
fabrics are described using the convention of crystallographic coordinates enclosed in
square brackets (e.g., [001]) to indicate directions and curved brackets (e.g.,(010))
indicating planes. Quartz CPO fabrics are plotted in their sample geographic reference
(Figure: 6.4) and in kinematic reference XZ (perpendicular to foliation, parallel to
lineation) (Figure: 6.5). Plagioclase CPO fabrics are plotted in kinematic reference
and as inverse pole figures (IPF) in accordance with the convention of (Figure: 6.6)
(Kruse et al., 2001). The use of IPF’s allows all plagioclase slip systems and directions
to be displayed on a single plot. To achieve the same data set using only pole figures
would require at least 27 individual plots. Hornblende CPO data are plotted in a
kinematic XZ reference frame.
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Figure 6.3: Summary of common plagioclase CPO fabrics observed in magmatic, plas-
tic and steady state shearing conditions. Axial-B fabrics are defined by strong point
maximum of (010) normal to foliation and a foliation parallel girdle distribution of
[100]. Type-P CPO has point maxima of the 3 axes, with (010) maximum perpen-
dicular to foliation. Axial-A type CPO display strong point maxima of [100] parallel
to lineation and parallel girdle distributions of (010) and (001) perpendicular to foli-
ation. Axial-B, type-P and Axial-A definitions after Satsukawa et al. (2013). Steady
state fabrics observed are defined by strong point maxima [100] parallel to lineation,
(001) point maximum perpendicular to foliation. All fabrics are equal area lower hemi-
sphere projection. XZ kinematic reference frame where X = lineation and Z = pole to
foliation. Black indicates strong, grey medium strength and white weak CPO fabrics.
Grebe Mylonite Zone
6.1 Quartz
In the GMZ, Pueketeke Pluton and Borland Road Orthogniess quartz [0001] directions
(c-axes) form clusters that occur within the plane of the field measured foliation (Fig-
ure: 6.4). GMZ samples display an increasing rotation of c-axis maxima towards west
(Figure: 6.4). The meta-granodiorite from the eastern GMZ plot quartz (c-axes) in
the north east quadrant while the adjacent meta-granite and western meta-granodiorite
plot in the north west quadrant this is interpreted to represent different kinematics as-
sociated with the western and eastern GMZ. The increased rotation of c-axes towards
the west is interpreted to represent an increasing temperature and/or strain gradient
towards the western margin of the GMZ (Figure: 6.4). The Puteketeke Pluton and
Borland Road Orthogniess quartz c-axes cluster within the sample foliation and dis-
play rotation towards the west and north-west respectively (Figure: 6.4).
Quartz [0001] directions (c-axes) throughout the Jaquiery Stream/Borland Road
area (Figure: 3.1) plot as single girdle Y-maximum fabrics sub-perpendicular to lin-
eation within the plane of foliation (Figure: 6.5). Shear sense is inferred from the
rotation of single girdle fabrics relative to the inferred plane of maximum shear (fo-
liation) (Law, 1990; Law et al., 2010) this indicates top to the right sense in the
meta-granodiorite and a top to the left sense for the meta-granite (Figure: 6.5). Sense
of shear in the Puteketeke Pluton is not easily discernible from the current data set
(Figure: 6.5). These Y maximum fabrics are commonly recognised to indicate high
temperature deformation > 500◦C dominated by prism < a > slip (Schmid and Casey,
1986; Passchier and Trouw, 2005; Stipp et al., 2002)(Figure: 6.1). The opposing shear
sense indications between the meta-granodiorite and meta-granite are inferred as either
two deformational events with different kinematics or synchronous but opposing strain










Figure 6.4: Quartz crystallographic preferred orientations (CPO) of [0001],[101̄0] and
[112̄0] directions rotated into geographic reference frame. On [0001] direction scatter
plots great circle = foliation, red filled circle = lineation from field measurement of
each sample. All samples are from the Jaquiery Stream with the exception of OU84967
from Fowler Stream and OU84970 from the Borland Road (Figure: 3.1). All stereonets
are equal area lower hemisphere projection, contoured in multiples of uniform density
(MUD) cone half width of 15◦. n = number of data points per sample. Method of
rotation from kinematic to geographic reference outlined in appendix: F.1.
Figure 6.5: Quartz crystallographic preferred orientation (CPO) data of [0001] direc-
tions from the GMZ and adjacent units (Figure: 3.1). Inferred girdle fabrics on scatter
plots (solid lines) with maximum clustering indicated by filled circle. All units dis-
play approximate Y-maximum CPO fabrics. Shear sense for each unit is indicated by
arrows. All stereonets are equal area lower hemisphere projection, contoured in multi-
ples of uniform density (MUD) with a half width of 15◦. The number of data points










Plagioclase CPOs in the GMZ tectonites can be organised into 3 general fabrics.
(1) Fabrics defined by clusters of [100] directions sub-parallel to lineation and clus-
ters of (001) poles to plane perpendicular to foliation. These fabrics observed in the
meta-diorite and meta-granodiorite (OU84960-OU84964) in the eastern GMZ (Figure:
6.6) and for the purpose of this thesis will be referred to as [a](c)fabrics.
(2) Fabrics displaying weak CPO’s in (010) and (001) planes with clusters of [100]
directions plotting at irregular orientations relative to lineation. These fabrics are
observed in the meta-granite (OU84965-OU84967) and for the purpose of this thesis
will be referred to as hybrid-A fabrics (Figure: 6.6).
(3) Fabrics displaying [100] directions sub-parallel to lineation and foliation sub-
perpendicular (010) poles to plane. This fabric is similar to the axial-A and type-P
fabrics (Figure: 6.3) described as magmatic by Satsukawa et al. (2013). These fab-
rics are observed in the western meta-granodiorite and Puteketeke Pluton (OU84958,
OU84959 and OU84968). For the purpose of this thesis these fabrics will be referred
to as hybrid-B.
Inverse pole figures (IPF) are plotted for 2 sample orientations SD (slip direction)
and SP (pole to slip plane). Strong CPO clusters parallel to SD are inferred to represent
the dominant Burgers vector/slip direction with CPO clusters parallel to SP inferred
to represent the pole to the dominant slip plane. Commonly recognised slip planes and
Burgers vectors for plagioclase (Marshall and Mclaren, 1977; Marshall and McLaren,
1977; Olsen and Kohlstedt, 1984; Kruse et al., 2001) are presented in Figure: 6.2.
Samples displaying [a](c) type CPO fabrics (OU84960-OU84964) demonstrate SD
parallel clusters that are roughly contained within a smeared girdle. These clusters are
interpreted to represent the active Burgers vector slip directions [1̄00], [1̄10], [3̄10] and
[1̄2̄0] contained within the (001) plane (Figure: 6.6; 6.7a,b). Analysis of the position
of CPO clusters parallel to SP also indicate a possibility of activity on the (011) plane.
Hybrid-A type fabrics observed in the meta granite (OU84965-OU84967) display a
very weak smeared cluster parallel to SD that contains a maximum point concentration
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along the inferred Burgers vector directions [1̄00], [2̄01], [3̄01], [5̄01]. CPO clusters par-
allel to SP are inferred to represent the poles to the (001) and (011) planes in OU84965
and OU84967 and the (010) plane in OU84966 (Figure: 6.6; 6.7a,b).
Hybrid-B fabrics observed in the western meta-granodiorite (OU84958 and OU84959)
and Puteketeke Pluton (OU84968) display very weak fabrics parallel to SD with one
weak cluster inferred to represent the [01̄1] direction. Clusters parallel to SP are in-
ferred as the poles to the (010)(OU84959), (011)(OU84958) planes and a combination
of (001) and (011) planes inferred in (OU84968). All inferred Burgers vectors, slip
planes and poles to slip plane are presented in (Figure: 6.7; Table: 6.1).
The Borland Road Orthogniess (OU84970) demonstrates a triple cluster sub-perpendicular
to lineation in the [100] direction. A smeared girdle fabric of poles to the (010) plane
encircles the plane of foliation and the poles to (001) plane produce weak randomly
oriented clusters. IPF data parallel to SD display weak development of a cluster ap-
proximately around the [01̄1] direction with a weak smeared cluster parallel to SP
inferred to represent poles to the (001) and (011) planes (Figure: 6.6; 6.7).
Pole figures of the direction of the SP clusters across the GMZ and adjacent units
produce a strong correlation that indicates the dominant slip plane in plagioclase pref-
erentially aligns sub-parallel to the foliation (Figure: 6.6).
From east to west the GMZ transitions from [a](c) to hybrid type fabrics. Samples
of meta-diorite and meta-granodiorite (OU84960-OU84964) in the eastern GMZ are
inferred to be the result of deformation by crystal plastic dislocation creep mechanisms
dominated by slip on the (001) plane in the [1̄00] direction (Figure: 6.3a), which has
produced strong steady state CPO fabrics observed in the pole and inverse pole figures
(Figure: 6.6).
Weak CPO fabrics observed in the meta-granite (OU84965-OU84967) and meta-
granodiorite (OU84958 and OU84959)(Figure: 6.6) are inferred to have resulted from
an increased activity in grain boundary sliding (GBS) ± diffusion creep deformation
mechanism which has been cited in theoretical studies (Raj and Ashby, 1971) and
natural settings (e.g., Jiang et al., 2000; Mehl and Hirth, 2008) to produce weak and/or
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random CPO fabrics. While competing with crystal plastic deformation inferred to
have accommodated slip on a combination of the (010),(001) and (011) planes in the
likely [1̄00] direction (Figure: 6.7, 6.3c; Table: 6.1).
This shift in deformation mechanisms from east to west in the GMZ are inferred
to display a likely east to west temperature and/or strain gradient with increasing
temperature towards the western margin of the GMZ. This temperature gradient is
inferred to be associated with the intrusion of the Puteketeke Pluton at ∼120 Ma
along the western margin of the GMZ.
It is inferred that this intrusion event coupled with a dominance of GBS defor-
mation mechanisms produced the hybrid-B fabrics observed in the Puteketeke Pluton
and adjacent meta-granodiorite and the hybrid-A fabrics observed in the meta-granite
(Figure: 6.6). Inferred Burgers vector slip directions of the crystal plastic component
of the observed GMZ fabrics plot in the same approximate array across the width of
the GMZ irrespective of the dominant mechanism of deformation (Figure: 6.7, 6.8;
Table: 6.1).
It is proposed that the crystal plastic features observed in the GMZ only repre-
sent the final stages of deformation and are overprinting previous deformation events.
Through the processes associated with deformation and cooling plagioclase CPO fabrics
have experienced a transition from GBS±diffusion creep to dislocation creep dominant
deformation mechanisms and, therefore, a change from magmatic type to crystal plastic










Figure 6.6: Plagioclase CPO data from the GMZ Puteketeke Pluton and Borland
Road Orthogniess (Figure: 3.1). Pole figures plotted in equal area lower hemisphere
projection. Kinematic Reference frame with lineation = slip direction SD, SP = Pole to
foliation. Inverse pole figures (IPF) SD and SP plotted as equal are upper hemisphere
projections in the convention of Kruse et al. (2001). Directions of the pole to SP upper
and lower hemisphere projections Plotted in the SD/SP kinematic reference frame.
Plot directions denoted by square brackets. All stereonets contoured in multiple of
uniform density (MUD) with halfwidth of 15◦, n = number of data points per sample.
Figure 6.7: Plagioclase crystallographic data from the GMZ and adjacent units (Figure:
1.2). (a) Burgers vectors inferred from maximum clusters parallel to slip direction (SD)
contained within the inferred slip planes. (b) Poles to slip plane (SP), poles inferred
from CPO maximum cluster parallel to SP.
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Sample no Burgers Vector Slip Plane Pole to slip plane
OU84962 [1̄1̄1], [3̄1̄0] (001),(011) (112)
OU84963 [1̄10] (001) (515)
OU84964 [3̄1̄0] (001) (515)
OU84960 [1̄00] (001) (515)
OU84961 [1̄2̄0] (001),(011) (313)
OU84967 [3̄01] (001),(001) (513)
OU84966 [1̄00], [2̄01] (010) (162)
OU84965 [501] (001),(011) (212)
OU84959 [1̄1̄0], [01̄1] (010) (122)
OU84958 - (011) (132)
OU84968 - (001),(011) (312)
OU84970 - (001),(011) (513)
Table 6.1: Inferred Burgers vectors, slip planes and poles to slip plane derived from
Figure: 6.6 for plagioclase in the GMZ and adjacent units. Directions denoted by
square brackets, slip planes and poles to slip planes by curved brackets.
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Figure 6.8: Cartoon displaying the shift in activity slip systems associated with [a](c)
and hybrid deformation fabrics from the GMZ and adjacent units presented in Figure:
6.6, 6.7. (a,b) [a](c) fabrics are inferred to be a combination of slip on the (001) and
(011) plane along a cluster of Burgers vector slip directions indicated by arrows. (c)
Hybrid fabrics are inferred to accommodate slip on (001),(011) and (010) along indi-
cated Burgers vectors. Stereonets plotted in equal area upper hemisphere projections
are cartoon simplifications of the inferred slip planes (great circles) and pole to slip
planes (clusters) plotted in the IPF convention of Kruse et al. (2001). Crystals are
oriented with [001] direction vertically up out of crystal.
6.3 Hornblende
CPO fabrics in GMZ hornblende display strong (100) poles to planes aligned perpen-
dicular to foliation (e.g., (100) planes align preferentially parallel to foliation) and [001]
directions parallel to lineation (Figure: 6.9). These data show orthorhombic symme-
try but provide no information relating to simple shear senses (Figure: 6.9). From
comparison between petrological observations (Figure: 4.6) and the CPO data it is
inferred the strength of the hornblende CPO is not as a result of dislocation creep pro-
cesses, but instead an alignment of pre-existing euhedral crystals which have rotated
into preferential alignment within a matrix of more ductile plagioclase (i.e., Hacker,
1990).
Figure 6.9: Crystallographic orientations of hornblende from samples OU84962,
OU84963 and OU84964 meta-diorite from Jaquiery Stream (Figure: 3.1) plotted in
a XZ kinematic reference frame where X is parallel to lineation and Y is pole to folia-
tion. Alignment of (100) planes preferentially parallel to foliation and [001] direction
parallel to lineation. Equal area lower hemisphere projections contoured in multiples of
uniform density with a cone halfwidth of 15◦. n = number of data points per sample.
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6.4 Chapter 6 Summary
 Rotation of quartz CPO towards the west inferred to represent temperature/s-
train rate gradient.
 Quartz dominated by Y-maximum fabrics, indicative of prism < a > slip at
∼ 600◦C.
 Quartz CPO indicates top to the right sense of motion in meta-granodiorite and
top to the left motion in meta-granite.
 Plagioclase fabrics defined as [a](c), hybrid-A and hybrid-B.
 Plagioclase planes (001), (010) and (011) accommodate the majority of slip during
crystal plastic deformation.
 Weakening of plagioclase fabric across Grebe Mylonite Zone is inferred to repre-
sent deformation dominated by grain boundary sliding (GBS) ± diffusion creep.




Modeling of stress, strain rate,
displacement of the GMZ
7.1 Paleo Stress Estimates
The theory of paleopiezometry proposed by Twiss (1977) assumes a relationship be-
tween dynamically recrystallised grain size and the density of dislocations per unit
volume to be a function of the differential stress imposed on a tectonite at steady state
(syntectonic) deformation conditions. The dislocation density provides the driving
force required for grain size reduction by crystal plastic mechanisms. During syntec-
tonic recrystallisation the steady state grain size is the result of a balance between grain
size reduction (dynamic recrystallisation) and the opposing grain growth processes that
increase grain size through reduction of grain boundary area and curvature.
For paleostress estimates to be a reasonable, recrystallised grains must be preserved
by quenching, cooling under stress or the inhibition of growth due to the mixing of two
or more intimate phases (Twiss, 1977). Therefore textures associated with high stress
conditions are much more difficult to interpret due to post deformational recrystallisa-
tion and grain growth resulting in larger grains and hence lower estimates of peak stress
(Twiss, 1977). More recent studies (Guillope and Poirier, 1979; De Bresser et al., 2001;
Austin and Evans, 2007) show that temperature and strain rate also play a significant
role, however, Stipp et al. (2006) have shown there to be no measurable temperature
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dependence in the recrystallised grain size of quartz. Steady state grain size is achieved
when dislocation creep mechanisms (grain size reducing) are in equilibrium with diffu-
sion (grain growth) processes (De Bresser et al., 2001; Austin and Evans, 2007).
Grain size parameters for the GMZ samples were calculated from electron backscat-
ter diffraction (EBSD) data using Mtex open source software for MATLAB. Grain size
is determined through the calculation of Voronoi cells (Voronoi, 1907). EBSD point
data is collected in a systematic grid composed of points separated by a predetermined
step size. Each data point contains an orientation and phase component (Bachmann
et al., 2011)(Figure: 7.1a). The Mtex script compares each data point within the grid
to each of its nearest neighbour data points. If a neighbour point is of a different
phase or has a mis-orientation greater than pre-determined limit, a grain boundary is
inferred at the bi-sectrix between the 2 points (Bachmann et al., 2011) (Figure: 7.1).
For this study a grain boundary mis-orientation of 10◦ is used after Shigematsu et al.
(2006). For the purposes of this thesis average grain size is inferred from the geometric
mean of the grain size distributions as described by De Bresser et al. (2001). However,
Stipp and Tullis (2003) use geometric mean values for regime 1 and root mean squared
(RMS) for regimes 2 and 3 paleostress estimates derived from recrystallised quartz
grain size. RMS provides estimates of average grain size substantially larger than that
indicated by the geometric mean and hense would estimate lower stresses. This may
be a significant problem with smaller grains/higher stress estimates, but for this study
will not significantly change the calculated stress estimates.
Quartz grain size distributions (Figure: 7.2) of the GMZ produce average grain size
(geometric mean) estimates that range from 249-311 µm in the principal units and 72
µm in a sample from a zone of localised deformation (Table: 7.1). The Puteketeke
Pluton and Borland Road Orthogniess return average grain sizes of 278 and 260 µm
respectively (Figure: 7.2; Table: 7.1). From these grain size data estimates of stress
can be calculated using the piezometers of Mercier et al. (1977)(Equation: 7.1) and
Stipp and Tullis (2003)(Equation: 7.2) no stereological corrections are required for
either piezometer. Estimates from these piezometers return stresses 6.3-7.4 MPa, from
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Figure 7.1: Cartoon schematic showing how Mtex defines grain boundaries. (a) A series
of data points in a grid each containing phase and orientation data. Mtex compares
each point to its adjacent points indicated by dashed lines. Grain boundaries are
plotted at the bi-sectrix between 2 points (solid lines) if (1) the phase is different or (2)
the mis-orientation angle between grains exceeds the predefined mis-orientation 10◦.
Red dots = quartz, yellow dots = plagioclase, arrows indicate grain mis-orientation.
(b) Calculated grains of quartz and plagioclase produced by Mtex.
Mercier et al. (1977) and 7.1-9.9 MPa, from Stipp and Tullis (2003), for the principal
units of the GMZ with estimates of 17.9 and 22 MPa from Mercier et al. (1977) and
Stipp and Tullis (2003) respectively for the zone of localised deformation (Table: 7.2).
The Puteketeke Pluton and Borland Road Orthogniess return stress estimates of 6.8-
7.7 MPa, and 7.1-8.1 MPa, respectively, from Mercier et al. (1977) and Stipp and Tullis
(2003)(Table: 7.2).
D = 6.5 ∗ σ−1.4 (7.1)





Figure 7.2: Grain size distributions of quartz samples calculated with Mtex from the
meta-granodiorite and meta-granite samples from the GMZ at Jaquiery and Fowler
Streams, Puteketeke Pluton and Borland Road Orthogniess, central Fiordland. Geo-
metric and arithmetic means indicated by black lines.
Sample Q1 Geometric mean Q2 mean Std (n) grains step size (µm)
OU84958 194.16 249.31 316.37 267.02 105.92 305 10
OU84959 203.88 263.19 324.43 285.81 136.26 441 9.5
OU84960 244.92 305.31 361.63 332.94 194.01 895 11
OU84961 39.24 72.60 140.42 98.04 70.95 1824 2.5
OU84965 197.98 273.79 352.48 309.11 187.02 535 10
OU84966 176.24 268.82 367.77 325.36 246.18 924 9
OU84967 208.02 311.39 452.96 376.50 267.88 164 10
OU84968 208.37 278.49 352.22 313.06 187.09 1094 10
OU84970 200.02 260.90 323.91 284.79 136.07 836 10
Table 7.1: Table of parameters of quartz grainsize from Jaquiery Stream, Fowler Stream
and Borland Road. Q1 = lower quartlie. Median = geometric mean (Log normal
distribution) taken as mean grain size for analysis. Q2 = Upper quartile. Mean =
mean of Log normal distribution. Std = standard deviation. (n) grains = number
of grains in sample. step size = electron beam step size in microns each sample were
analysed using electron backscatter diffraction (EBSD).
Unit σ (Mpa)














Table 7.2: Paleostress estimates in megapascals (Mpa) from values calculated using
the recrystallised piezometers of Mercier et al. (1977)(Equation: 7.1) and Stipp and
Tullis (2003)(Equation: 7.2) for recrystallised grain size of quartz of samples from
meta-granidiorite and meta-granite within the GMZ, Puteketeke Pluton and Borland
Road Orthogniess, central Fiordland.
7.2 Strain Rate Estimates
Estimates of strain rates calculated in this section are based on the geological con-
straints of deformation temperature, differential stress that have been inferred from
the microstructures in chapter 4, CPO fabrics in chapter 6 and paleostress estimates
in chapter 7.
Deformation temperatures experienced by the GMZ are estimated from quartz mi-
crostructures displaying dominant GBM recrystallisation (chapter 4) and Y-maximum
CPO fabrics (chapter 6) to be ∼ 600◦C. These estimates are supported by garnet/bi-
otite geothermometry of Scott et al. (2011) that estimated 576◦ and 588◦C at 3 and
10 kbar respectively in the GMZ. Estimates for differential stress are based on recrys-
tallised quartz grain size piezometry that produced upper and lower limits of 6-10 Mpa
and 18-22 Mpa for the principal GMZ units and the localised zone of deformation,
respectively.
Strain rate estimates are calculated using the Hirth et al. (2001) flow law for quartz
(Equation: 7.3). This flow law uses the physical parameters (e.g., temperature and
differential stress) with experimentally derived constants and kinetic parameters (i.e.,
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Parameters Value Unit
ε̇ strain rate s−1
m water fugacity exponent 1
n stress exponent 4
Q activation energy 135±15 kJ/mol
fH2O fugacity of water Mpa
A material parameter Log(A)=-11.2±0.6
R gas constant 8.314 JK/mol
T temperature 853, 873 and 893 K
σ stress 6-10 and 18-22 Mpa
Table 7.3: Parameters and their values used for the Hirth et al. (2001) flow law (Equa-
tion: 7.3). Temperature values derived from quartz microstructure and garnet/biotite
thermometry of Scott et al. (2011). Differential stress values derived from paleopiezom-
etry using piezometers of Mercier et al. (1977) and Stipp and Tullis (2003) for recrys-
tallised quartz.
activation energy). All parameters and their values are presented in table: 7.3.
ε̇ = AfmH2Oσ
nEXP (−Q/RT ) (7.3)
Strain rate estimates for the GMZ are calculated at the temperatures 580◦, 600◦ and
620◦C which are considered to approximate the range of likely temperatures associated
with the deformation of the GMZ.
Estimates of strain rates associated with the differential stresses calculated in table:
7.2 for the GMZ range from 10−17 to 10−16 s−1 within the principal units and 10−15
to 10−14 s−1 for the zone of localised deformation (Table: 7.4). Using these estimated
strain rates the amount of shear strain/displacement in 1 Ma for the 1 km wide GMZ
at Jaquiery Stream can be calculated (Figure: 7.3a,b; Table: 7.4).
In this study exhumation times in Ma were calculated for the depths 10, 15, 20
and 30 kilometers (Table: 7.4) in order chracterise if the conditions of exhumation
calculated above are reasonable. A previous study by Scott et al. (2011) inferred
deformation of the GMZ to have occurred over approximately 12 Ma between 128
and 116 Ma based on the U-Pb dates of adjacent undeformed units exposed at Lake
Manapouri.
The stresses and temperatures provided from paleopiezometry estimates in the prin-
cipal units of the GMZ produce unreasonable exhumation durations that are signifi-
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cantly older than the ages suggested for the emplacement of the GMZ protolith rocks.
The estimates derived from the zone of localised deformation return more reasonable
estimates for paleostress. However, even at these more reasonable paleostress estimates
exhumation from the shallowest modeled depth of 10 kilometers) would still require
∼17 Ma (Table: 7.4), 5 Ma longer than the previous interpretation.
To achieve exhumation of a 1 km wide shear zone like the GMZ in 12 Ma at
temperatures ∼ 600◦C, requires stresses of 30-35 MPa with shear strains as high as 4
(Figure: 7.3b). This indicates that the quartz grain size of the GMZ tectonites during
deformation was significantly smaller (41-49 µm) in relation to the observed grain size.
This suggests that the rocks of the GMZ were subject to substantial post deformation
grain growth this is support by the observation of straight grain boundary segments
intersecting at 120◦ observed in quartz grains (e.g., Figure: 4.1). It should be noted
that these estimates of strain rate and exhumation time are inferred for deformation by
crystal plastic processes and do not accommodate any component of frictional sliding
that is likely to dominate above the brittle ductile transition.
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Figure 7.3: Graphs plotting shear strain/ displacement of a 1 km wide shear zone in 1
Ma vs temperature for different conditions of differential stress. (a) Estimates derived
from differential stresses calculated from the piezometers of Mercier et al. (1977) and
Stipp and Tullis (2003) for recrystallised quartz. (b) Modeled shear strain estimate for
stresses of 25, 30 and 35 Mpa. Shaded area denotes the stress, temperature and shear
strain parameters required for exhumation from mid crustal depths in 12 Ma. Cross
hatched area = the range of temperatures calculated from garnet/biotite thermometry
of 576◦ and 588◦C for 3 and 10 kbar respectively (Scott et al., 2011)). Dashed lines
indicate the solidus for wet granite ∼ 650◦C (Johannes, 1984) and wet diorite ∼ 850◦C
(Beard et al., 1994).
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Stress Temperature Strain rate Shear strain/Ma Exhumation time in Ma from depth
(σ Mpa) (◦C) (ε̇ s−1) (γ/Ma) 10 km 15 km 20 km 30 km
6 580 4.42x10−17 0.001 7174.63 10761.94 14349.26 21523.89
6 600 6.84x10−17 0.002 4638.75 6958.13 9277.511 13916.27
6 620 1.04x10−16 0.003 3058.35 4587.53 6116.70 9175.06
10 580 3.41x10−16 0.01 929.83 1394.74 1859.66 2789.49
10 600 5.27x10−16 0.01 601.18 901.77 1202.36 1803.54
10 620 8.00x10−16 0.02 396.36 594.54 792.72 1189.08
18 580 3.58x10−15 0.11 88.57 132.86 177.15 265.72
18 600 5.54x10−15 0.17 57.26 85.90 114.53 171.80
18 620 8.40x10−15 0.26 37.75 56.63 75.51 113.27
22 580 7.99x10−15 0.25 39.69 59.53 79.38 119.07
22 600 1.24x10−14 0.38 25.66 38.49 51.32 76.99
22 620 1.87x10−14 0.59 16.92 25.38 33.84 50.76
25 580 1.33x10−14 0.42 23.80 35.70 47.60 71.41
25 600 2.06x10−14 0.64 15.39 23.08 30.78 46.17
25 620 3.12x10−14 0.98 10.14 15.22 20.29 30.44
30 580 2.76x10−14 0.87 11.47 17.21 22.95 34.43
30 600 4.27x10−14 1.34 7.42 11.13 14.84 22.26
30 620 6.48x10−14 2.04 4.89 7.34 9.78 14.68
35 580 5.11x10−14 1.61 6.19 9.29 12.39 18.58
35 600 7.91x10−14 2.49 4.00 6.00 8.01 12.01
35 620 1.20x10−13 3.78 2.64 3.96 5.28 7.92
Table 7.4: Modeled data derived from Hirth et al. (2001)(Equation: 7.3) for strain rate, shear strain/1 Ma = displacement of a 1
km wide shear zone in 1 Ma and approximate exhumation time in Ma from depths of 10, 15, 20 and 30 km. At the differential
stresses of 6, 10, 18, 22, 25, 30 and 35 Mpa and temperatures of 580, 600 and 620◦C assuming steady state deformation. Grey
values = approximate 12 Ma exhumation time.
7.3 Kinematic model for the exhumation of the GMZ
and Outboard Median Batholith
This study adds microstructural and CPO data that can be inferred as two mid-crustal
∼ 600◦C deformation events defined by a change in the apparent shear sense (Figure:
6.5). The initial exhumation of the GMZ is in agreement with the Scott et al. (2011)
interpretation of a west side down shear sense inferred from the quartz CPOs of the
meta-granite (Figure: 6.5). From these observations it is inferred that the meta-granite
syn-kinematically intruded the meta-diorite and meta-granodiorite at ∼ 127.9±1.1 Ma
(MSWD = 1.5) (Scott and Palin, 2008). The abundant platy minerals in the meta-
granite (e.g., biotite)(Figure: 3.6b) are inferred to have become preferentially aligned
during deformation, and have provided a favourable surface to accommodate sliding.
Because of this mineral alignment it is inferred that the meta-granite likely accommo-
dated the majority of the deformation during the early stages of the GMZ. Synchronous
with the apparent west side down exhumation sense recorded in the quartz CPO fab-
rics of the meta-granite, the meta-granodiorite quartz CPO fabrics display the opposite
sense of motion. Three possible scenarios are proposed to explain this event.
Scenario 1: Intrusion of the Puteketeke Pluton adjacent to the GMZ rotated the
overthrust block (GMZ + Outboard Median Batholith) towards the east and away
from the Western Province through inflation and thickening of the crust. This rotation
results in the GMZ being preferentially oriented for west over east thrusting driven by
the loading of the crust from the continued intrusion of the Puteketeke Pluton. How-
ever, for this scenario to be viable the Puteketeke Pluton magma would have to have
been intruded at shallow crustal depths of ∼2-3 km (Coney, 1980) or under extensional
deformation conditions (Paterson et al., 1991). Both these options seem unlikely as
the Puteketeke Pluton has attained amphibolite facies metamorphic assemblages in-
dicative of mid-lower crustal conditions of ∼10-30 kilometers. Additionally this would
also suggest extension in central Fiordland began prior to or simultaneously with the
intrusion of the Puteketeke Pluton at ∼120 Ma (Scott and Palin, 2008), approximately
9 Ma earlier than was previously interpreted at ∼111 Ma (Gibson et al., 1988; Gibson
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and Ireland, 1995; Scott and Cooper, 2006; Klepeis et al., 2007; Scott et al., 2011).
This model also requires the rotation of the overthrust block to be completed simul-
taneously with deformation on the GMZ at ∼116 Ma, well before the deposition of
Tertiary sediments which unconformably overly the eastern flank of Outboard Median
Batholith (Turnbull et al., 2010; Scott et al., 2011).
Scenario 2: The intrusion of the Puteketeke Pluton heats and loads the western
block of the GMZ, increasing its ductility allowing it to flow more easily relative to the
more distal meta-granite and eastern GMZ (Figure: 7.4). This resulted in the dextral
east side down motion between the western and eastern blocks of the GMZ while main-
taining an overall regional west side down shear sense relative to the Western Province.
This model is supported by quartz CPO (Figure: 6.5), from which possible sinistral
shear within the meta-granite and dextral shear in the meta-granodiorite have been
inferred. This is also supported by the thermal gradient inferred from the progressive
rotation of the quartz (Figure: 6.4) and the weakening of plagioclase CPO fabrics (Fig-
ure: 6.6) relative to their proximity to the Puteketeke Pluton contact.
Scenario 3: Additionally the exhumation of the GMZ could be the result of syn-
chronous but opposing strain partitioning kinematics in a dominantly coaxial strain
geometry at the regional scale. Strain partitioning has been recognised to occur com-
monly in regions of oblique subduction or continent-continent collision (Leever et al.,
2011), similar to the setting inferred to have emplaced the GMZ over the Western
Province.
The final rotation of the Fiordland crustal block is then inferred to have resulted
during subsequent extensional tectonics associated with the rifting of New Zealand from
the Gondwana super continent and extensive uplift and faulting experienced through-




Figure 7.4: Kinematic model for the exhumation/emplacement of the GMZ. From bot-
tom to top ∼128 Ma meta-diorite and meta-granodiorite protoliths (Jhi) is juxaposed
against the Western Province initiating exhumation along an inferred 60◦ reverse thrust
fault in a sinistral west side down sense of motion (Scott et al., 2011). ∼ 127.9±1.1 Ma
(Scott and Palin, 2008) syn-kinematic intrusion of the meta granite protolith (Kfp) into
the meta-diorite and meta-granodiorite continued west side down exhumation. ∼120
Ma syn-kinematic intrusion of the Puteketeke Pluton (Kpp) heats and loads the west-
ern GMZ allowing it to flow more easily relative to the meta-granite and eastern GMZ
producing a local east side down sense of shear within the GMZ. ∼116 Ma Completion
of deformation on the GMZ from Scott et al. (2011). Followed by subsequent rotation
of the Fiordland crustal block into its present day orientation. GMZ represented by
cross hatch area. Borland Road Orthogniess to the east of the GMZ.
7.4 Chapter 7 Summary
 Paleostress estimates for the Grebe Mylonite Zone range between 6-22 MPa.
 To exhume the Grebe Mylonite Zone from mid crustal depths in 12 Ma would
require stress of 30-35 MPa.
 The Grebe Mylonite Zone was exhumed regionally with sinistral west side down
motion along a 60◦ reverse thrust fault initiating at ∼ 128 Ma. Before being
intruded by the meta-granite ∼ 127 Ma. At ∼120 Ma the Puteketeke Pluton
intruded providing the driving force for the opposing kinematics observed locally




The GMZ at Jaquiery Stream, central Fiordland is an example of deformed Early
Cretaceous shear zone that defines the boundary between the Western Province/In-
board Median Batholith and the Outboard Median Batholith/Eastern Province of New
Zealand. The GMZ exhibits a north striking steeply west dipping foliation and moder-
ately south plunging lineation and has attained amphibolite facies metamorphic assem-
blages at deformation temperature of ∼ 600◦C inferred from quartz CPO Y-maximum
fabrics and the dominance of GBM recrystallisation observed in the quartz microstruc-
ture.
Crystal plastic deformation is inferred to dominated by prism < a > slip in quartz,
on the (001),(010) and the previously unrecognised (011) planes with a dominance in
the (001)[1̄00] slip system for plagioclase. Rotation of quartz CPOs and weakening
of the plagioclase CPO fabrics from east to west are inferred to represent a tempera-
ture/strain rate gradient and an increase in the dominance of GBS±diffusion creep in
plagioclase relative to the proximity of the Puteketeke Pluton/western GMZ contact.
Hornblende grains in the GMZ is inferred to deform brittlely, acting as rigid bodies
in the more ductile matrix of plagioclase, hornblende crystals cleave along (100) plane
and align the [001] direction parallel to lineation.
Paleostress estimates indicate low deformational stresses of between 6 to 22 MPa.
Estimates of the strain rate associated with these deformational condition range be-
tween 10−14 to 10−17s−1 resulting in estimated exhumation times several million years
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slower than the previous interpretations. Modeling of the stress and strain rate condi-
tions required to exhume the GMZ from mid crustal depths in the suggested ∼12 Ma
(Scott et al., 2011) would require stresses of approximately 30-35 MPa and strain rates
of ∼ 10−14s−1. These higher stresses and faster strain rates suggest post deformational
grain growth became the dominant crystal process during cooling post deformation of
the GMZ.
The data from this study supports the previous interpretation of Scott et al. (2011)
for oblique sinistral west side down regional exhumation along an approximate 60◦
reverse thrust fault. Quartz CPOs indicate different kinematics between the meta-
granodiorite and meta-granite. These are interpreted to indicate either two separate
deformation events or the result of synchronous strain partitioning during the defor-
mation/emplacment of the GMZ.
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GMZ Grebe Mylonite Zone
WP Western Province
Jhi Jurassic, Hunter Intrusives
Kfp Cretaceous, Fowler Pluton
Kpp Cretaceous, Puteketeke Pluton
BRO Borland Road Orthogniess
Qgl Green Lake Landslide
Recrystallisation Mechanisms
BLG Bulging recrystallisation
SGR Sub-grain rotation recrystallisation
GBM Grain boundary migration recrystallisation
GBS Grain boundary sliding
Crystallographic Fabrics
CPO Crystallographic preferred orientation
XZ parallel to lineation, perpendicular to foliation
SD Slip direction
SP Pole to slip plane
S/D Sinistral/Dextral sense of shear
PF Pole figure
IPF Inverse pole figure
Electron Microscopy
SEM Scanning electron microscope
EBSD Electron backscatter diffraction
EDS Energy dispersive x-ray



















Sample No Locality Grid reference GPS accuracy Rock type Structure type Strike and dip lineation
OU85053 Jaquiery Stream E1156016, N4917184 ± 5 m Granodiorite foliation 187/83W 20/185
OU84959 Jaquiery Stream E1156016, N4917184 ± 5 m Granodiorite foliation 005/88E 36/187
OU85054 Jaquiery Stream E1156016, N4917184 ± 5 m Diorite foliation 011/82W 30/190
OU84962 Jaquiery Stream E1156498, N4916673 ± 5 m Diorite foliation 010/79W 43/192
OU84963 Jaquiery Stream E1156480, N4916690 ± 9 m Diorite foliation 014/68W 63/205
OU84964 Jaquiery Stream E1156480, N4916691 ± 9 m Diorite foliation 004/81W 36/196
OU84960 Jaquiery Stream E1156476, N4916691 ± 9 m Granodiorite foliation 190/82W 41/198
OU84961a Jaquiery Stream E1156476, N4916691 ± 9 m Granodiorite foliation 024/81E 20/206
OU84961b Jaquiery Stream E1156476, N4916691 ± 9 m Diorite foliation 024/81E 20/206
OU85055 Jaquiery Stream E1156286, N4916985 ± 4 m Pegmatite joint 030/64E
OU84965 Jaquiery Stream E1156286, N4916985 ± 4 m Granite foliation 022/66W 40/080
OU84966 Jaquiery Stream E1156346, N4916811 ± 41 m Granite foliation 177/76W 42/190
OU85056 Jaquiery Stream E1156346, N4916811 ± 41 m Granodiorite foliation 043/82W 22/226
OU84958 Jaquiery Stream E1155661, N4917179 ± 7 m Granodiorite foliation 172/46W 44/221
OU84968a Jaquiery Stream E1155365, N4917175 ± 6 m Granite foliation 160/36W 36/264
OU84968b Jaquiery Stream E1155365, N4917175 ± 6 m Granite foliation 160/36W 24/301
OU84969 Jaquiery Stream E1154837, N4917068 ± 7 m Granite foliation 122/25W 30/197
OU84967 Fowler Stream E1157819, N4913817 ± 7 m Granite foliation 151/64W 61/230
OU84970 Borland Road E1163385, N4918709 ± 9 m Orthogniess foliation 016/20W 05/213
Table B.1: Table of field samples, GPS location (New Zealand trans-Mercator NZTM co-ordinate system), rock type and field




















































































































































































































































































































































































































































































































D.1 Point Count Data
111
112




OU84970 21.2 19.3 36.6 15.4 6.2 0.5 - - 0.5 0.1 0.2
GMZ meta-diorite
OU85054 6.6 0.8 59.4 0.2 2.2 0.3 2.6 27.9 - - -
OU84962 0.7 2 49.3 3.9 0.3 0.7 - 43.1 - - -
OU84963 1.2 1.1 54.6 7.0 0.4 0.4 1 32.4 - 1.9 -
OU84964 2.6 1.7 60.5 3.7 0.4 1.4 0.1 29.6 - - -
OU84961b 2.0 1 50.2 2.0 0.3 1.6 0.7 36.6 - 2.1 3.5
GMZ meta-granodiorite
OU85053 22.7 25.3 48.7 2.4 0.4 0.3 0.2 - - - -
OU84959 19.6 19.2 49.3 5.3 0.2 0.1 - - - - 6.3
OU84960 20.8 21.7 52.2 4.9 - - - - - - 0.4
OU84961a 24.5 20.7 50.3 4.4 - 0.1 - - - - -
OU85056 14 12.9 55.8 13 4.3 - - - - - -
OU84958 20.9 20.4 50.1 7.3 0.7 - - - 0.6 - -
Fowler Pluton (GMZ)
OU84965 21.9 28.3 41.0 - 0.4 0.1 - 1.1 0.1 6.9 0.2
OU84966 30.5 18.3 38.3 - 7.5 0.2 0.1 - - 5.1 -
OU84967 20.7 26.9 30.9 1.2 5 0.9 - - - 13.8 0.6
Puteketeke Pluton
OU84968a 28.5 21 43.3 6.9 0.1 0.1 - - 0.1 - -
OU84968b 30.7 22.5 36 6.0 0.4 0.2 - - 1.2 - -
OU84969a 21.6 28.4 38.1 11.4 0.3 - - - - - -
OU84969b 18.7 22 38.8 8.2 0.1 - - - 12.2 - -
Table D.1: Point count bulk compositional data displaying estimated proportions of the constitute minerals from the Grebe
Mylonite Zone (GMZ) at Jaquiery and Fowler Streams, Borland road and Puteketeke Pluton, central Fiordland.
D.2 Feldspar Composition
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
K-spar 65.73 18.81 0.22 0.00 0.59 15.90 0.00 101.25
OU84960 62.89 17.88 0.00 0.00 0.61 15.57 0.00 96.95
65.36 18.90 0.00 0.00 0.65 15.72 0.00 100.63
66.51 19.08 0.00 0.00 0.63 16.06 0.00 102.28
65.22 18.71 0.00 0.00 0.35 15.98 0.00 100.26
65.02 18.62 0.00 0.00 0.51 16.10 0.00 100.25
64.85 18.95 0.00 0.00 0.54 15.76 0.00 100.10
65.09 18.88 0.00 0.04 0.62 15.65 0.00 100.28
65.73 19.05 0.00 0.00 0.50 15.8 0.00 101.13
65.30 18.80 0.00 0.00 0.42 16.04 0.00 100.56
65.33 18.95 0.00 0.00 0.42 15.99 0.00 100.69
66.88 19.37 0.00 0.00 0.73 16.03 0.00 103.01
65.64 18.78 0.00 0.00 0.15 16.60 0.00 101.17
65.85 19.01 0.00 0.00 0.64 19.0 0.00 104.51
65.53 18.98 0.00 0.00 0.66 15.79 0.00 100.96
65.49 18.76 0.00 0.04 0.61 15.97 0.00 100.87
Table: C.2
113
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84962 65.32 18.82 0.00 0.00 0.68 15.57 0.00 100.39
65.69 18.93 0.00 0.00 0.60 15.64 0.00 100.86
65.98 19.03 0.00 0.00 0.00 16.45 0.24 101.46
66.93 19.26 0.00 0.00 0.00 15.83 0.43 102.02
62.83 22.33 0.22 0.00 0.43 14.62 0.24 100.43
67.01 19.24 0.00 0.00 0.18 16.29 0.00 102.72
66.80 18.70 0.41 0.00 0.23 15.49 0.46 101.63
66.78 19.31 0.00 0.00 0.00 15.69 0.00 101.78
66.14 19.02 0.22 0.00 0.00 16.40 0.24 101.78
OU84967 66.53 19.37 0.00 0.00 0.29 16.52 0.00 102.71
66.46 19.26 0.00 0.00 0.45 16.24 0.00 102.41
67.03 19.29 0.00 0.00 0.52 16.22 0.00 103.06
66.93 19.20 0.00 0.00 0.52 16.39 0.00 103.04
66.05 19.26 0.00 0.00 0.50 16.23 0.00 102.04
66.21 19.02 0.00 0.00 0.58 16.02 0.00 101.83
66.02 19.12 0.00 0.00 0.54 16.21 0.00 101.89
67.10 19.49 0.00 0.00 0.33 16.58 0.00 103.50
64.71 18.79 0.00 0.00 0.57 15.76 0.00 99.83
Table: C.2 cont
114
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84967 66.46 19.29 0.00 0.00 0.74 15.81 0.00 102.30
continued 66.24 19.52 0.00 0.00 0.40 16.35 0.00 102.51
67.34 19.52 0.00 0.00 0.61 16.35 0.00 103.82
65.48 18.96 0.00 0.00 0.61 15.82 0.00 100.87
64.46 18.63 0.00 0.00 0.52 15.55 0.00 99.16
65.67 19.25 0.00 0.00 0.69 15.45 0.00 101.06
67.25 19.52 0.00 0.00 0.62 16.24 0.00 103.63
67.21 19.36 0.00 0.00 0.55 16.27 0.00 103.39
67.52 19.51 0.00 0.00 0.58 16.52 0.00 104.13
66.64 18.98 0.00 0.00 0.58 15.98 0.00 102.18
65.94 19.11 0.00 0.00 0.59 15.84 0.00 101.48
65.61 18.70 0.00 0.00 0.47 15.98 0.00 100.76
66.21 19.34 0.00 0.00 0.57 16.49 0.00 102.61
66.29 19.34 0.00 0.00 0.62 16.02 0.00 102.27
OU84969
64.04 18.70 0.00 0.00 0.62 15.25 0.00 98.61
62.26 22.30 0.00 0.00 0.33 14.93 0.00 99.82
63.45 18.66 0.00 0.00 0.50 15.48 0.00 98.09
Table: C.2 cont
115
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84969 63.17 18.19 0.00 0.00 0.38 15.63 0.00 97.37
continued 62.89 18.21 0.00 0.00 0.00 16.08 0.00 97.18
65.34 18.78 0.00 0.00 0.00 16.46 0.00 100.58
64.98 19.04 0.00 0.00 0.75 15.64 0.00 100.41
63.84 18.65 0.00 0.00 0.84 14.77 0.00 98.10
62.63 17.94 0.00 0.00 0.49 15.33 0.00 96.39
62.98 18.49 0.00 0.00 0.63 15.03 0.00 97.13
67.20 19.49 0.00 0.00 0.69 16.03 0.00 103.41
61.47 17.98 0.00 0.00 0.59 14.82 0.00 94.86
Plagioclase 66.46 20.96 0.00 4.23 9.59 0.00 0.00 101.24
OU84967 66.98 20.96 0.00 0.99 10.45 0.34 0.00 99.72
66.39 23.49 0.44 3.51 9.72 0.20 0.00 103.75
65.94 24.28 0.00 4.36 9.50 0.17 0.00 104.25
69.07 22.65 0.00 4.24 9.57 0.12 0.00 105.65
66.10 24.23 0.00 4.24 9.57 0.12 0.00 104.26
66.08 23.81 0.00 3.97 9.68 0.14 0.00 103.68
64.49 23.86 0.00 4.32 9.11 0.13 0.00 101.91
Table: C.2 cont
116
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84967 65.26 23.75 0.00 4.14 9.38 0.19 0.00 102.72
continued 70.87 20.64 0.00 0.31 11.76 0.00 0.00 103.58
72.46 20.77 0.00 0.00 12.24 0.00 0.00 105.47
OU84970 64.97 26.72 0.00 6.62 8.57 0.00 0.00 106.88
63.25 25.81 0.00 6.40 8.50 0.00 0.00 103.96
64.80 25.12 0.00 5.15 9.25 0.17 0.00 104.49
63.91 24.39 0.00 4.77 9.05 0.00 0.00 102.12
66.34 24.98 0.00 4.99 9.61 0.00 0.00 105.92
63.97 24.22 0.00 4.89 9.16 0.00 0.00 102.24
65.23 24.58 0.00 5.05 9.27 0.20 0.00 104.33
67.54 23.57 0.00 3.42 10.22 0.00 0.00 104.75
66.43 25.84 0.00 5.06 9.28 0.00 0.00 106.61
64.55 25.84 0.00 6.02 8.60 0.00 0.00 105.01
67.04 24.85 0.00 4.32 9.38 0.00 0.00 105.59
66.51 24.33 0.00 4.52 9.42 0.00 0.00 104.78
64.06 24.31 0.00 4.91 8.91 0.00 0.00 102.19
65.29 24.77 0.00 4.88 9.13 0.28 0.00 104.35
Table: C.2 cont
117
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84970 62.79 24.00 0.00 4.93 8.91 0.00 0.00 100.63
continued 63.59 24.51 0.00 4.86 8.95 0.00 0.00 101.91
64.64 24.58 0.00 5.13 8.98 0.00 0.00 103.33
63.34 23.81 0.00 4.63 8.75 0.00 0.00 100.53
60.36 25.12 0.00 6.38 7.72 0.00 0.00 99.58
64.74 23.99 0.00 4.81 9.10 0.00 0.00 102.64
67.05 25.58 0.00 5.20 9.22 0.21 0.00 107.26
63.78 26.50 0.00 6.68 8.33 0.00 0.00 105.29
63.23 24.00 0.00 4.75 8.67 0.00 0.00 100.65
OU84969 58.18 22.33 0.00 4.66 7.89 0.00 0.00 93.06
63.14 24.00 0.00 4.72 8.93 0.15 0.00 100.94
65.45 21.87 0.00 2.29 10.26 0.00 0.00 99.87
66.97 22.04 0.00 2.16 10.58 0.21 0.00 101.96
60.99 22.35 0.00 3.60 8.67 0.51 0.00 96.12
65.00 25.18 0.00 5.22 9.23 0.00 0.00 104.63
69.13 21.61 0.00 1.43 11.16 0.00 0.00 103.33
58.97 21.93 0.00 8.21 7.11 0.30 0.00 96.52
Table: C.2 cont
118
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84969 65.53 23.42 0.00 4.71 9.37 0.00 0.00 103.03
continued 65.73 23.42 0.00 3.83 9.77 0.22 0.00 102.97
64.00 24.63 0.00 5.46 8.80 0.00 0.00 102.89
55.83 23.02 0.00 5.81 7.38 0.17 0.00 92.21
59.49 22.42 0.00 5.23 7.84 0.00 0.00 94.98
61.49 23.39 0.00 4.68 8.63 0.00 0.00 98.19
64.49 24.47 0.00 5.04 9.25 0.00 0.00 103.25
65.52 24.66 0.00 5.07 9.12 0.27 0.00 104.64
64.38 23.80 0.00 4.52 8.98 0.23 0.00 101.91
62.59 23.48 0.00 4.75 8.82 0.00 0.00 99.64
68.78 21.32 0.00 1.46 11.06 0.00 0.00 102.62
66.49 20.87 0.00 1.53 10.34 0.00 0.00 99.23
66.60 22.21 0.00 1.90 10.32 0.42 0.00 101.45
67.12 21.84 0.00 1.44 10.46 0.52 0.00 101.38
63.36 23.57 0.00 4.36 9.23 0.00 0.00 100.52
OU84962
63.47 25.27 0.00 5.95 8.21 0.11 0.00 103.01
Table: C.2 cont
119
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84962 63.98 25.09 0.00 5.64 8.08 0.18 0.00 102.97
continued 66.77 21.66 0.00 1.67 9.50 1.19 0.00 100.79
67.11 22.80 0.00 1.90 8.71 0.65 0.00 101.17
64.53 21.94 0.00 3.80 7.20 0.27 0.00 97.74
69.93 21.15 0.00 0.97 10.92 0.19 0.00 103.16
63.82 25.38 0.00 5.67 7.99 0.13 0.00 102.99
58.43 22.71 0.00 5.29 6.68 0.20 0.00 93.31
OU84960 66.17 22.88 0.00 3.01 9.90 0.34 0.00 102.30
66.36 23.02 0.00 3.23 10.02 0.23 0.00 102.86
66.36 22.96 0.00 2.19 9.73 0.26 0.00 101.50
65.57 22.13 0.00 3.03 9.55 0.22 0.00 100.50
65.98 22.69 0.00 3.23 9.73 0.19 0.00 101.82
67.07 23.16 0.00 3.19 10.21 0.14 0.00 103.77
66.25 22.72 0.00 3.12 9.97 0.19 0.00 102.25
65.45 22.61 0.00 3.25 9.90 0.20 0.00 101.41
66.35 22.23 0.00 2.90 9.78 0.17 0.00 101.43
65.99 21.91 0.00 2.40 10.19 0.18 0.00 100.67
Table: C.2 cont
120
Wt% oxide SiO2 Al2O3 FeO CaO Na2O K2O Fe2O3 Sum
OU84960 68.21 21.02 0.00 1.61 10.59 0.16 0.00 101.59
continued 65.88 23.02 0.00 3.34 9.94 0.20 0.00 102.38
65.62 22.72 0.00 3.30 9.77 0.19 0.00 101.60
67.29 21.76 0.00 2.09 10.40 0.19 0.00 101.73
65.46 22.50 0.00 3.17 9.70 0.25 0.00 101.08
64.96 22.30 0.00 2.93 9.63 0.24 0.00 100.06
65.50 22.80 0.00 3.30 9.88 0.24 0.00 101.72
66.17 22.80 0.00 3.25 9.94 0.24 0.00 102.40
66.23 22.84 0.00 3.34 9.92 0.16 0.00 102.49
66.27 22.84 0.00 3.14 9.89 0.17 0.00 102.31
66.28 22.99 0.00 3.40 9.85 0.17 0.00 102.69
65.61 22.39 0.00 3.28 9.67 0.13 0.00 101.08
65.61 23.00 0.00 3.40 9.80 0.22 0.00 102.03
66.26 23.23 0.00 3.62 9.94 0.18 0.00 103.23
70.81 20.37 0.00 0.00 11.87 0.18 0.00 103.23
66.33 23.10 0.00 3.32 9.98 0.19 0.00 102.92
Table D.2: Electron dispersive X-ray (EDX) derived compositional (weight% oxide) data of plagioclase and potassium feldspar




Wt% oxide SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Fe2O3 Sum
Hornblende 48.10 0.72 9.52 15.53 0.47 13.00 11.90 1.35 0.60 17.28 101.19
OU84962 49.29 0.30 8.53 14.83 0.43 13.63 12.17 1.14 0.44 16.50 100.76
47.19 0.80 9.75 15.53 0.48 12.56 11.75 1.38 0.63 17.28 100.07
46.78 0.40 10.57 15.53 0.46 12.08 11.94 1.39 0.67 17.28 99.82
47.60 0.61 9.81 15.44 0.38 12.72 11.94 1.36 0.63 17.18 100.49
46.89 0.53 9.97 15.62 0.45 12.31 11.88 1.40 0.60 17.37 99.65
49.65 0.00 7.76 15.66 0.42 12.99 11.91 1.05 0.41 17.42 99.85
48.17 0.31 9.28 15.14 0.44 12.79 12.10 1.18 0.54 16.84 99.95
47.64 0.47 9.92 15.52 0.39 12.71 12.10 1.30 0.61 17.26 100.66
48.47 0.53 9.15 15.31 0.39 13.23 12.01 1.22 0.56 17.03 100.87
47.61 0.53 9.32 15.18 0.41 12.83 11.92 1.36 0.50 16.89 99.66
47.61 0.63 9.37 15.30 0.54 12.82 11.81 1.40 0.52 17.02 100.00
47.42 0.44 9.52 15.31 0.49 12.71 11.94 1.22 0.54 17.03 99.59
47.50 0.62 9.36 15.44 0.51 12.71 11.77 1.34 0.51 17.17 99.76
47.54 0.38 9.62 15.19 0.55 12.52 11.99 1.17 0.557 16.90 99.51
Table: C.3
122
Wt% oxide SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Fe2O3 Sum
OU84967 37.80 0.00 22.25 14.19 0.25 0.01 22.37 0.00 0.00 15.78 96.87
37.66 0.00 22.67 12.80 0.39 0.00 22.57 0.00 0.00 14.24 96.09
38.08 0.00 24.16 13.23 0.00 0.00 23.17 0.00 0.00 14.72 99.21
37.96 0.00 23.44 12.83 0.00 0.00 22.55 0.00 0.00 14.27 96.78
38.69 0.00 23.69 13.49 0.00 0.00 23.32 0.00 0.00 15.00 99.19
38.63 0.00 23.38 13.19 0.47 0.00 22.74 0.00 0.00 14.67 98.41
38.98 0.00 23.31 13.31 0.44 0.00 23.32 0.00 0.00 14.80 99.36
39.32 0.00 23.42 14.03 0.42 0.00 23.31 0.00 0.00 15.61 100.50
38.74 0.00 23.40 13.61 0.00 0.00 22.59 0.00 0.00 15.14 98.34
37.41 0.00 22.27 14.49 0.00 0.00 22.59 0.00 0.00 16.12 96.76
39.37 0.00 24.48 12.75 0.00 0.00 23.53 0.00 0.00 14.18 100.13
38.70 0.00 23.34 13.11 0.42 0.00 23.19 0.00 0.00 14.58 98.76
38.81 0.00 23.50 13.22 0.42 0.00 23.16 0.00 0.00 14.70 99.11
38.99 0.00 23.80 13.17 0.31 0.00 23.38 0.00 0.00 14.65 99.65
39.09 0.00 24.63 12.27 0.36 0.00 23.49 0.00 0.00 13.65 99.84
38.62 0.00 23.09 14.09 0.38 0.00 23.51 0.00 0.00 15.67 99.69
37.62 0.00 22.92 13.53 0.57 0.00 22.64 0.00 0.00 15.05 97.28
Table: C.3 cont
123
Wt% oxide SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Fe2O3 Sum
OU84969 38.77 0.00 23.9 11.89 0.00 0.00 23.07 0.00 0.00 13.23 97.71
37.63 0.00 23.56 11.85 0.47 0.00 22.36 0.00 0.00 13.18 95.87
36.19 0.00 23.22 11.94 0.38 0.00 22.58 0.00 0.00 13.28 95.90
37.95 0.00 23.56 11.48 0.00 0.00 22.33 0.00 0.00 12.77 95.32
34.44 0.00 9.80 18.48 0.39 0.95 31.33 0.00 0.00 20.56 95.39
33.73 1.99 8.39 16.03 0.00 0.00 33.55 0.00 0.00 17.83 93.69
38.11 0.00 24.99 10.72 0.00 0.00 22.84 0.00 0.00 11.92 96.66
29.46 27.23 5.66 4.72 0.00 1.51 23.83 0.00 0.00 5.25 92.41
29.51 33.87 8.30 3.37 0.00 0.00 20.00 0.34 0.98 3.75 96.37
27.61 13.40 10.06 16.40 0.00 5.23 12.74 0.00 0.00 18.24 85.44
OU84963 46.12 0.75 11.54 17.82 0.00 11.37 11.87 1.58 0.70 19.82 101.75
49.41 0.00 5.62 18.38 0.49 11.98 11.17 0.68 0.33 20.45 98.06
46.61 0.60 12.03 17.49 0.39 11.41 12.08 1.42 0.60 19.45 102.63
50.20 0.72 10.95 16.42 0.00 13.06 11.84 1.57 0.60 18.27 105.36
45.60 0.95 11.32 17.06 0.47 11.42 11.89 0.00 0.64 18.98 99.35
46.13 0.84 10.41 16.19 0.40 11.73 11.93 1.37 0.59 18.01 99.59
43.48 0.64 10.42 15.97 0.45 10.82 11.36 1.26 0.62 17.76 95.02
49.50 0.00 7.47 16.77 0.00 12.09 11.59 0.95 0.40 18.65 98.77
Table: C.3 cont
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Wt% oxide SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Fe2O3 Sum
OU84963 46.36 0.62 9.53 16.91 0.39 11.73 11.66 1.30 0.47 18.81 98.97
continued 46.79 0.86 9.77 16.26 0.00 12.37 11.94 1.20 0.52 18.09 99.71
47.29 1.08 10.54 16.60 0.00 12.12 11.94 1.40 0.60 18.46 101.57
OU84969 46.28 0.51 11.66 17.07 0.50 11.07 11.85 1.51 0.67 18.99 101.12
45.81 0.62 11.07 17.39 0.47 11.31 12.02 1.35 0.56 19.34 100.60
48.02 0.58 12.17 16.79 0.42 11.51 11.21 1.55 0.70 18.68 102.95
45.40 0.85 11.48 17.14 0.00 11.06 11.77 1.49 0.67 19.07 99.86
45.50 0.59 11.12 17.19 0.00 11.19 11.61 1.36 0.55 19.12 99.11
45.34 0.65 10.99 17.25 0.00 10.99 11.57 1.46 0.71 19.19 98.96
44.72 0.66 11.43 17.14 0.41 10.66 11.73 1.52 0.68 19.07 98.95
OU84961 43.96 0.00 24.52 0.82 0.00 0.00 26.86 0.00 0.00 0.91 96.16
38.34 0.00 24.07 11.48 0.00 0.00 22.56 0.00 0.00 12.77 96.45
37.60 0.00 23.85 12.21 0.00 0.00 22.71 0.00 0.00 13.58 96.37
41.97 0.00 19.12 6.06 0.00 0.00 25.29 0.00 0.00 6.74 92.44
36.93 0.00 18.21 3.84 0.00 0.00 22.16 0.00 0.00 4.27 81.14
37.33 0.00 13.88 10.96 0.00 3.52 12.96 0.00 0.00 12.19 78.65
36.23 0.00 15.58 6.89 0.00 0.00 21.73 0.00 0.00 7.66 80.43
Table D.3: Electron dispersive X-ray (EDX) derived compositions of hornblende (weight% oxide) from the Grebe Mylonite Zone





E.1 Grain Size Calculation
% Import Script for EBSD Data
%
% This script was automatically created by the import wizard.
% You should run the whole script or parts of it in order to
% import your data. There is no problem in making any changes









% Make an empty array to pad with grain sizes
% (may need to increase the number of rows)
d all = zeros(10000,numfi);
for k = 1:numfi
close all force % Close figures from previous iteration
% Name of current file
ename = files{k,1};




symmetry('-1', [8.194 12.897 14.19], [92.98,115.82,91.15]*degree,...






%% Specify File Names
% path to files
pname = 'H:\2014 Masters data Jaquiery Stream\Jason Grieve 2014\Jaquiery
Channel5 documents\JAQ9a CPR files';
% which files to be imported
fname = [pname '\JAQ9a complete map full data set.cpr'];
%% Import the Data





grains = grains(grains('Quartz-new') & grainSize(grains) >= 8);
% %% Clean grains: Option to ckean grains further if necessary
%







% fraction = (grainSize(grains).*(stepsizeˆ2))./area(grains);
% grains = grains(fraction > 0.1);









%% ================= Grain size ================ %%
% Grain size statistics
bins = 0:2:250;
d = diameter(grains);
d all(1:length(d),k) = d; % USE THIS OPTION TO SAVE
%ALL GRAIN STATS TO ONE ARRAY
GSdata = sort(d);
quart = uint32((length(GSdata)+1)/4)
med = GSdata(2*quart); % median
Q1 = GSdata(1*quart); % upper quartile










text(0.95*max(xlim),0.95*max(ylim),{['Q 1 = ',num2str(Q1),...
' \mum']; ...
['median = ',num2str(med),' \mum'];['Q 3 = ',num2str(Q3),...
' \mum'];
['mean = ',num2str(mu),' \mum'];['std = ',num2str(sigma),...
' \mum']}, ...
'verticalalignment','top','horizontalalignment','right')







text(0.95*max(xlim),0.95*max(ylim),{['Q 1 = ',num2str(Q1),...
' \mum']; ...
['median = ',num2str(med),' \mum'];['Q 3 = ',num2str(Q3),...
' \mum'];...








%% Remove zeros from padded d all matrix
d all(d all == 0) = []; % Removes zeros and forms a single column
d all = d all'; % Transpose to make a column array
%% Plot grain size histogram
[n,xout] = hist(d all,bins);
d all sort = sort(d all);
quart = uint32((length(d all sort)+1)/4);
med = d all sort(2*quart); % median
Q1 = d all sort(1*quart); % upper quartile
Q3 = d all sort(3*quart); % lower quartile
mu = mean(d all sort);








% fx = 2.*length(d all sort).*lognpdf(xout,mu,sigma);
% binwidth * nobs (number of observations) * density
% line(xout,fx,'color','r')
text(0.95*max(xlim),0.95*max(ylim),{['Q 1 = ',num2str(Q1),...
'\mum'];...
['median = ',num2str(med),' \mum'];['Q 3 = ',num2str(Q3),...
' \mum'];...






E.2 Log Normal Distribution Fit
function pd1 = LogNormfit(GSdata)
%CREATEFIT Create plot of datasets and fits
% PD1 = CREATEFIT(D ALL SORT)
% Creates a plot, similar to the plot in the main distribution
% fitting window, using the data that you provide as input.
% You can apply this function to the same data you used with
% dfittool or with different data. You may want to edit the
%ch function to customize the code and this help message.
%
% Number of datasets: 1
% Number of fits: 1
%
% See also FITDIST.
% This function was automatically generated on 06-May-2014 13:34:13
% This function was edited on 06-May-2014 13:50:00
% Output fitted probablility distribution: PD1
% Data from dataset "d all sort data":
% Y = d all sort
%Data to display on pdf graph
quart = uint32((length(GSdata)+1)/4);
%med = GSdata(2*quart); % median
Q1 = GSdata(1*quart); % upper quartile
med = geomean(GSdata); %geometric mean
Rt = rms(GSdata)








set(FigHandle, 'Position', [50, 50, 850, 650]);
hold on;
LegHandles = []; LegText = {};
ylim([0 10*10ˆ-3])
% --- Plot data originally in dataset "d all sort data"











LegText{end+1} = 'Quartz Grain Size';
% Create grid where function will be computed
XLim = get(gca,'XLim');
XLim = XLim + [-1 1] * 0.01 * diff(XLim);
xlim([-200 2000])
XGrid = linspace(XLim(1),XLim(2),100);
% --- Create fit "fit 1"
% Fit this distribution to get parameter values
% To use parameter estimates from the original fit:
% pd1 = ProbDistUnivParam('lognormal',[ 3.199096094629, 0.418558614771])
pd1 = fitdist(GSdata, 'lognormal');
YPlot = pdf(pd1,XGrid);









% Create legend from accumulated handles and labels
hLegend = legend(LegHandles,LegText,'Orientation', 'vertical',...
'Location', 'NorthEast');
set(hLegend,'Interpreter','none');
text(0.95*max(xlim),0.85*max(ylim),{['Q 1 = ',num2str(Q1),' \mum']; ...
['median = ',num2str(med),' \mum'];['RMS = ',num2str(Rt)];...
['Q 3 = ',num2str(Q3),' \mum'];...
['mean = ',num2str(mu),' \mum'];['std = ',num2str(sigma),' \mum']; ...
['size = ',num2str(n(1)),' grains']},'verticalalignment','top',...
'horizontalalignment','right');
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E.3 Quartz one point per grain
%% Import Script for EBSD Data
%
% This script was automatically created by the import
% wizard. You should run the whole script or parts of
it in order to import your data. There is no problem
in making any changes to this script.







symmetry('32', [4.913 4.913 5.504], 'X | | a*', 'Y | | b',









%% Specify File Names
% path to files
pname = 'H:\2014 Masters data Jaquiery Stream\Jason Grieve 2014\
Jaquiery Channel5 documents\JAQ8 CPR files';
% which files to be imported
fname = [pname '\JAQ8 Specimen 1 Area 2 Montaged,...
Data 2 Montaged Map Data.cpr'];
%% Import the Data
% create an EBSD variable containing the data
ebsd = loadEBSD(fname,CS,SS,'interface','crc',...
'wizard');
%% ONE POINT PER GRAIN FOR QUARTZ.
%% ROTATION
%Correct Data(ROTATION) ie: Geographic position.
133
%Rotation 1 about Y.
rot1 = rotation('axis',yvector,'angle',-25*degree,'keepXY');
%-ve = %rotation right
%Rotation about X.
rot2 = rotation('axis',xvector,'angle',-93*degree,'keepXY');




% script produces one point per grain data sets from ebsd data
% plotting 1000 data points
% cleaning cleans with less than 500 measurements
% in order highlight fabric elements without the bias from
% large grains with
% lots of data points
%% EBSD MAP (EULER COLOUR)
ebsd quartz = ebsd('Quartz-new')




%Clean the data up - remove grains with fewer than n measurements
cleangrains = grains(grainSize(grains) > 300);
figure(2)
plot(cleangrains)
%% Clean the data up - remove grains poorly covered by pixels
stepsize = 11 % Step size of EBSD data (resolution) in microns
fraction = (grainSize(grains).*(stepsizeˆ2))./area(grains);
cleangrains = grains(fraction > 0.2);
















I DG = get(cleansubgrains,'I DG');
[ebsd sorted,grain id sorted] = find(I DG);
%%generate random indices
gs = grainSize(cleansubgrains);
gs cum = cumsum([0;gs]);
id inGrain = ceil(gs .* rand(size(gs)));
id ebsd sorted = id inGrain + gs cum(1:end-1);
%%compute indices to not sort ebsd data
id ebsd = ebsd sorted(id ebsd sorted);













%% CONTOURED POLE FIGURE
%orientation density functions (contoured pole figures)
hw = 15; % Cone halfwidth for contouring








E.4 Plagioclase one point per grain
%% Import Script for EBSD Data
%
% This script was automatically created by the import wizard. You should
% run the whoole script or parts of it in order to import your data. There
% is no problem in making any changes to this script.




symmetry('-1', [8.194 12.897 14.19], [92.98,115.82,91.15]*degree,...












%% Specify File Names
% path to files
pname = 'H:\2014 Masters data Jaquiery Stream\Jason Grieve 2014\
Jaquiery Channel5 documents\JAQ9a CPR files';
% which files to be imported
fname = [pname '\JAQ9a complete map full data set.cpr'];
%% Import the Data




%Correct Data(ROTATION) ie: Geographic position.
%Rotation 1 about Y.
%rot1 = rotation('axis',yvector,'angle',180*degree,'keepXY');








%%THIS SCRIPT PRODUCES POLE AND INVERSE POLE FIGURES (BOTH PLANES AND
%%DIRECTIONS FOR PLAGIOCLASE EBSD DATA.
%Poles to Planes = 'hkl' Plane Normal Direction
%Directions = 'uvw'
%%
ebsd Anorthite = ebsd('Anorthite')









stepsize = 2.5; %INSERT STEPSIZE HERE
fraction = (grainSize(grains).*(stepsizeˆ2))./area(grains);
grains = grains(fraction > 0.2);
grains = grains(grainSize(grains) >10); %4x STEPSIZE
figure(3)
plot(grains)
%% Plot grain boundaries
subgrains = calcGrains(ebsd,'angle',2*degree);
fraction = (grainSize(subgrains).*(stepsizeˆ2))./area(subgrains);







I DG = get(cleansubgrains,'I DG');




gs cum = cumsum([0;gs]);
id inGrain = ceil(gs .* rand(size(gs)));
id ebsd sorted = id inGrain + gs cum(1:end-1);
%compute indices to not sort ebsd data
id ebsd = ebsd sorted(id ebsd sorted);









%% calculating pole figures








%% Define orientation density functions (contoured pole figures)
%PRINCIPLE PLANES
%hw = 15; % Cone halfwidth for contouring
%odf cal = calcODF(o cal,'halfwidth',hw*degree);





%% === Inverse pole figures ===================================== %
%IPF directions = [vector3d(1,0,0),vector3d(0,1,0),vector3d(0,0,1)]
plotx2south %
plotzOutOfPlane %This plots data in the reference frame























%% Define orientation density functions (contoured pole figures)
%DIRECTIONS LOWER HEMISHPERE
Anorthite opg = calcODF(ebsd Anorthite(id ebsd),'halfwidth',15*degree);




%% Define orientation density functions (contoured pole figures)
%DIRECTIONS UPPER HEMISHPERE
% Cone halfwidth for contouring
Anorthite opg = calcODF(ebsd Anorthite(id ebsd),'halfwidth',15*degree);








Rotation of sample from Kinematic
into Geographic Reference Frame
To rotate CPO data from kinematic reference frame into geographic reference several
steps are required. These steps are graphically presented in figure: F.1.
Step 1.
Manually plot onto stereonet:
1. The plunge of lineation from stereonet perimeter parallel to X(L).
2. The dip of the foliation perpendicular to Y(F) measured from the centre of the
stereonet as indicated by the dashed arrow.
3. The CPO maximum cluster (C). Apply a rotation equal to the plunge of the
lineation around corresponding small circle to locate C’.
4. Rotate the stereonet in equal increments and plot points of equal angle for lin-
eation plunge and foliation dip this will produce 2 arcs (red = plunge and blue = dip).
Step 2.
Rotate stereonet 90◦ aligning X parallel to the great circles.
Step 3.
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Adjust the stereonet to locate the position of equal angle between the stereonet
perimeter and the blue foliation dip arc, and between L and the red lineation plunge
arc along a small circles to locate the points F’ and L’. Apply the same rotation along
the small circle from the point C’ to locate C”.
Step 4.
Align the points X and L’ along the same great circle, draw in this great circle.
Step 5.
Rotate stereonet so the plane is oriented in the field measured orientation. Mark in
north, south, east and west positions. Read off the new location of the CPO maximum.
Step 6.
Applying Rotations into Mtex. Mtex programming only allows rotations to be
made about the X and Y axes, it does not allow for data frame rotation about the axis
projecting out of the page/screen.
To overcome this problem, plotting of the initial position of the CPO in the kine-
matic reference frame and the final CPO position in the geographic reference frame
onto the same stereographic plot. Connecting these points through a 90◦ angle with
straight line segments parallel to the X and Y axes allows the required rotation angles
to be measured directly from the stereonet.
In Mtex a rotation about the Y axis towards the right and rotation about the X




Figure F.1: Rotation of CPO data from kinematic into geographic reference frame. See
text for explanation.
